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SUMMARY 


The  ultimate  goal  of  the  research  presented  in  this  dissertation  was  to  determine  if  an 
adiabatically  tapered  single  mode  fibre  could  be  used  as  an  effective  basis  for  a  chemical  or 
biological  sensor.  This  required  a  phased  investigation  examining; 

•  The  evanescent  absorption  behaviour  of  the  tapered  fibre 

•  The  fluorescent  capture  efficiency  of  the  tapered  fibre 

•  The  effect  of  immobilising  an  indicator  to  the  surface  of  the  tapered 
fibre 

•  A  suitable  configuration  for  the  tapered  fibre  to  allow  simple 
application  of  selective  elements  as  well  as  interaction  with  the  sample 
solution 

•  The  new  configuration  in  conjunction  with  a  simple  immobilisation 
method  and  model  analytes 

•  The  new  configuration  in  a  realistic  chemical  or  biological  assay 

It  was  shown  both  theoretically  and  experimentally  that  the  adiabatically  tapered  single  mixle 
fibre  could  capture  enough  fluorescent  energy,  or  be  absorbed  sufficiently,  to  make 
determinations  of  the  concentration  of  analytes  in  solution.  Immobilisation  of  suitable 
recognition  elements  to  the  surface  of  the  fibre  did  not  degrade  the  performance  of  the  sensor; 
in  fact,  it  was  found  thus  could  enhance  dramatically  the  fluorescent  capture  efficiency.  Using 
a  siianisation  process  to  attach  proteins  to  the  surface  of  the  tapered  fibre  served  to  form  a 
novel  waveguide  system,  which  displayed  high  sensitivity  levels  to  the  analyte. 

Chapter  1  introduces  chemical  and  biological  sensing  systems,  as  well  xs  defining  their 
components. 
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Chapter  2  reviews  optical  techniques  that  have  evolved  to  analyse  chemical  and  biological 
samples.  The  use  of  optical  fibres  as  a  basis  for  chemical  and  biological  sensing  is  introduced. 

Chapter  3  describes  the  major  components  of  the  expeimental  systems  used  throughout  the 
research  presented  in  this  dissertation.  The  computer  program  used  as  a  basis  for  theoretical 
modelling  of  the  different  experiments  is  discussed  as  well 

Chapter  4  discusses  the  theoretical  background  for  the  behaviour  of  the  tapered  single  mode 
fi^re.  It  reviews  the  existence  of  the  evanescent  field,  and  methods  of  gaining  access  to  it,  in 
optical  fibres.  The  criteria  for  constructing  adiabatically  tapered  fibres  is  defined. 

Chapter  5  reviews  efforts  in  evanescent  absorption  optical  sensors.  Limitations  of  this 
application  reported  in  the  literature  is  examined  theoretically,  and  evanescent  absorption 
experiment  based  on  tapered  fibres  is  performed. 

Chapter  6  discusses  the  use  of  fluorophores  in  optical  fibre  sensing,  and  a  theoretical  model 
for  fluorescent  capture  in  tapered  fibres  is  developed.  Fluorescence  capture  in  a  taper  is 
demonstrated  experimentaly  using  the  titration  of  a  pH*sensitive  fluorescent  indicator  in 
solution. 

Chapter  7  looks  at  the  development  of  a  “true  sensor":  the  actual  immobilisation  of  the 
selective  element  of  the  sensor  to  the  fibre.  Various  immobilisation  schemes  that  have  been 
applied  to  optical  fibie.s  are  reviewed.  An  experiment  immobilising  penicillinase  to  the 
tapered  fibre  is  performed,  and  the  ability  of  the  device  to  still  capture  sufficient  fluorescent 
energy  to  make  concentration  determinations  of  the  analyte  is  confirmed. 

Chapter  8  describes  the  development  of  a  more  convenient  geometry  for  the  taper,  where  a 
lossless  macrobend  (18(0  introduced  to  the  fibre.  This  results  in  a  fibre  loop,  which  can 
easily  be  chemically  modified  through  silanisation  process  to  include  a  recognition  element. 
A  sample  ass?y  using  model  analytes  is  performed,  and  an  examination  of  the  fluorescent 
capture  abilir  ■  is  carried  out  It  Is  determined  that  the  applied  selective  coating  serves  to  act 


as  an  effective  waveguide  for  the  fluorescent  energy,  which  may  couple  significantly  into  the 
standard  fibre  mode. 

Chapter  9  presents  the  development  of  a  suitable  chemical  scheme  to  use  the  tapered  fibre 
loop  in  an  immunoassay.  Methods  of  making  the  fibre  sensor  reusable  are  discussed,  and 
performed  experimentally.  An  immunoassay  based  on  material  provided  by  the  Center  for 
Vaccine  Development,  University  of  Maryland  and  the  Institute  of  Biotechnology,  University 
of  Cambridge,  was  performed.  This  immunoassay,  based  on  the  detection  of  cholera  toxin 
antibodies  in  blood  samples,  not  only  demonstrated  the  ability  of  the  tapered  fibre  loop  sensor 
to  be  reused,  but  also  the  high  fluorescent  capture  levels  seen  in  the  model  analyte  systems. 

Chapter  10  discusses  follow-on  work  that  should  be  performed  to  better  characterise  the 
"novel"  waveguide.  Other  experimental  work  to  combine  interesting  optical  elements  to  the 
fibre  loop  (semiconductor  laser  or  luminescent  sources,  and  surface  plasma  interaction)  is 
proposed. 
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Chapter  1 


An  Introduction  to  Chemical  and 
Biological  Sensing 


Summary 

The  ability  of  sensing  for  particular  analytes  depends  critically  on  combining 
sensitivity  and  selectivity.  Many  portions  of  the  sensing  problem  as  a  whole 
constrain  the  ultimate  sensor  design.  A  generic  sensor  system  can  be  described 
in  functional  terms.  All  of  these  functions,  as  discussed  in  this  chapter,  must  be 
suitably  addressed  in  order  to  develop  a  completely  satisfactory  product  for  the 
end  user.  It  is  not  enough  to  choose  a  very  sensitive  technology.  A  sensor  and 
and  the  elements  of  the  sensing  system  are  defined  in  this  chapter,  and  typical 
analytes  and  technologies  are  generally  reviewed.  Optical  sensing  techniques 
are  chosen  as  the  basis  for  a  chemical  or  biological  sensor. 

1.0  A  general  sensing  system 

In  many  areas,  interest  in  chemical  analysis  is  vital.  Until  the  last  three  decades,  the  chemical 
composition  of  materials,  especially  those  materials  specific  to  a  biological  system,  was 
determined  only  through  laboratory  testing.  This  process  wis  frequently  time-consuming, 
and  often  depended  on  the  preparation  of  individual  background  samples.  Much  effort  has 
been  devoted  to  making  these  mea.s'jrements  automatic  (rapid)  as  well  as  minimising  the  total 
amount  of  human  involvement  Further,  in  some  industrial  applications  on-line  sampling  is 
highly  desirable  or  even  critical.  The  enormous  variety  in  sensor  requirements  has  led  in  turn 
to  the  development  of  an  enormous  number  of  devices.  Many  different  types  of  sensitive 
elements,  such  as  electro-chemical,  pressure-sensitive,  pyrometric,  or  optical  devices,  have 
been  made  specific  through  the  application  of  selective  chemical  elements  (variable 
conversion  element).  A  generalised  diagram  for  a  .sensor  system  is  illustrated  in  Figure  1. 


The  selectivity  (variable  conversion  and  manipulation  element)  of  a  device  may  depend  on  a 
semi-permeable  membrane,  an  adsorbed  or  covalently  (or  non-covalently)  bound  indicator 


Figure  1.1  Functional  elements  of  a  sensing  system  (not  in  time  sequence ). 

layer,  or  direct  contact  with  a  sample  to  alter  the  monitored  variable.  The  development  of  a 
complete  sensor  system  depends  upon  the  analyte  and  its  state  (gaseous,  liquid  or  soiid),  the 
technologies  available,  and  the  sensitivity  required  (how  much  concentration  across  what  time 
period).  The  sensitivity  may  be  defined  as  a  minimum  concentration  level  (presence  of  an 
analyte),  a  dosage  level  (concentradon  over  dme),  or  a  maximum  level  (yield  of  a  reacdon). 
The  methods  of  storage,  playback  and  presentation  are  usually  independent  of  these  inputs. 
This  means  that  the  cridcal  elements  of  the  sensor  system  are  the  sensidvity  element  and  the 
analyte.  No  idealised  or  generic  sensor  system  exists  that  performs  well  for  every  sensing 
requirement:  each  of  the  functional  variables  can  fundamentally  alter  the  design.  To  begin 
the  discussion  of  sensing,  a  defininidon  of  a  sensor  is  required,  as  well  as  an  overview  of  some 
of  the  determinant  pordons  of  sensor  design. 

1.1  Sensor  definition 

A  sensor  or  transducer  has  been  given  many  definitions;  for  the  purpose  of  this  discussion,  it 
can  be  defined  as  a  device  with  a  portion  that  allows  it  to  be  sensidve  to  the  analyte  of  interest, 
a  method  of  carrying  its  response  (with  whatever  conversion  and  manipuladon  necessary)  to 
a  detector,  and  a  final  pordon  that  allows  the  measurement  to  be  converted  into  an 
understandable  value.  A  chemical  sensor  has  been  defined  as  "a  small-sized  device  ...  with 
the  three  elements  ...  capable  of  continuously  and  reversibly  reporting  concentration" 
Similarly,  a  biosensor  is  "a  device  which  converts  biological  acdvity  into  a  quantifiable 
signal"'^'”’.  In  general,  sensors  have  been  investigated  for  decades  to  develop  methods  of 
carrying  out  the  traditional  laboratory  tesdng  in  non-laboratory  environments,  whether  it  be 


for  industrial,  medical,  environmental,  or  defence  purposes.  The  underlying  problem  of 
sensor  development  is  to  retain  sensitivity  while  at  the  same  time  becoming  selective. 

1.2  Sensing  system  determinants:  some  specific  analytes 

1.2.1  Biological  sensing 

Biological  sensing  is  the  detection  of  chemical  species  within  the  biological  framework^  The 
biosensing  field  has  been  growing  rapidly  over  the  past  few  decades,  as  well  as  diversifying 
at  the  same  time.  Considerable  interest  has  focused  on  monitoring  of  blood  gases,  pH,  glucose 
and  other  chemicals  with  physiological  or  clinical  importance’’*'.  The  selective  portion  of  the 
sensor  could  be  enzymes,  DNA  components,  hormone  and  neurotransmitter  receptors  or 
antibody/antigens.  Biosensors  have  further  subdivided  into  biological  sensors,  where  the 
analyte  is  perhaps  of  environmental  concern  or  is  assayed  clinically;  and  immunosensors'”', 
where  an  immediate  patient  diagnosis  is  often  the  result  of  the  information. 

Biosensors  have  been  developed  for  a  variety  of  applications.  Enzymes  and  their  substrates 
are  a  selective  pair  that  can  form  a  basis  for  sensing^  .  A  specific  enzyme,  penicillin,  is  of 
interest  due  to  its  wide.sprend  use:  its  presence  is  monitored  as  a  contaminant  in  milk,  and  the 
level  of  completion  of  the  fermentation  process  is  also  monitored^’.  NADH  determination 
is  vital  in  many  enzymatic  reactions"”'.  Ethanol  as  well  is  sensed  based  on  an  enzymatic 
scheme"”'**'.  Narcotics  as  well  as  other  drugs  are  a  natural  target  for  immunoassays"”. 
Toxins  have  also  been  monitored"^^*”*”',  and  remote  sampling  (i.e.,  far  from  the  human 
observer  examining  the  concentration  display)  is  highly  desirable.  Pesticides  are  also  another 
hazard  that  require  environmental  monitoring'"*',  and  may  require  either  that  their  presence 
be  detected  or  a  dosage  level  calculated. 
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Immunosensing  techniques  may  rely  upon  antibody  or  enzyme-based  detection  in  order  to 
provide  their  vital  medical  information.  Antibodies  and  antigens  are  nearly  perfect  pairs  for 
sensing  applications  due  to  their  specificity.  Detectors  based  on  these  sets  can  achieve  great 
sensitivity  and  selectivity.  Generic  antibody/antigen  systems  have  been  utilised  to  test  basic 
sensor  concepts  (similar  to  the  role  of  pH  for  chemical  sensors)^  Some  specific  biochemicals 
are  detected,  such  as  bilirubin,  which  is  an  indicator  of  bile  reflux  from  the  duodenum  into 
the  stomach  to  detect  biliary  diseases'“'”‘"’’'“'.  Carcinogens  are  detected  through  an 
antibody- based  assay*'**^'.  Urea  is  also  of  interest  for  immunoassays’^’^'.  Although 
enzyme-based,  glucose  concentration  is  monitored  in  the  blood  as  an  indicator  for  a  variety 
of  diseases'^,  as  is  determination  of  lactate"*^”"*”’. 

1.2.2  Chemical  sensing 

The  approaches  to  enabling  a  sensing  element  to  detect  a  chemical  species  fall  into  two 
categories:  either  an  intrinsic  property  of  the  analyte  is  utilised,  that  is,  som,;  reaction  unique 
to  the  chemical;  or  an  extrinsic  recognition  element  is  added  to  the  system  so  that  a 
modification  of  that  element  represents  the  concentration  of  the  chemical.  Some  analytes  are 
intrinsically  fluorescent  or  have  a  colour  change,  as  in  urease.  An  example  of  the  extrinsic 
type  of  detection  is  the  traditional  pH  indicator;  many  chemical  reactions  result  in  a 
modification  of  the  local  pH  level,  such  as  those  involving  glucose,  COj,  and  penicillin.  The 
indicator  is  then  used  in  an  environment  where  the  most  likely  source  of  pH  change  is  an 
alteration  in  the  concentration  of  the  annlyre.  This  is  usually  done  through  the  immobilisation 
of  one  half  of  a  reaction  pair,  for  example,  penicillinase,  onto  the  sensor. 

The  type  of  chemical  (including  biological  molecules)  to  be  detected  often  determines  the 
technical  approach  taken.  Unique  characteristics  of  the  analyte,  such  as  mass,  size, 
hydrophobic  or  hydrophilic  nature  and  electrostatic  behaviour  tend  to  determine  the  selective 
portion  of  the  sensor.  There  are  many  classes  of  molecules  (compounds)  that  require 
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defection  by  chemical  sensors.  Some  of  the  chemical  systems  currently  under  investigation 
are  reviewed  briefly  below,  including  cations,  anions,  water  content,  oils,  and  gases.  Many 
other  specialised  sensors’^®'  for  specific  reactions  have  been  developed,  but  these  areas  cover 
the  bulk  of  investigated  reactions. 

Cations 


Cation  measurement  can  include  measurement  of  trace  species  in  the  environment,  blood 
cations  such  as  potassium  or  sodium,  water  contaminants,  cell  membrane  cations,  as  well  as 
many  of  the  metal  ions.  A  cation  is  a  positively  charged  chemical  species,  and  often  a  specific 
membrane  for  selective  diffusion  is  used  in  conjunction  with  the  transducer.  A  special  case 
for  sensor  work  in  cations  is  the  detection  of  pH  change,  sometimes  for  industrial  applications. 
Further,  since  pH  can  be  used  to  diagnose  changes  in  health  ( a  small  change  in  blood  or  gastric 
pH  can  signal  the  onset  of  large-scale  physiological  problems),  it  has  been  studied  extensively, 
with  many  sensor  configurations  reported.  In  addition,  since  various  clinical  methods  of 
determining  pH  exist,  establishing  a  comparative  baseline  is  simple.  This  allows  a 
methodology  of  testing  new  immobilisation  or  technological  methods.  Optical  fibre  sensor 
development  alone,  which  is  still  a  relatively  new  field,  has  had  scores  of  researchers 
examining  pH  sensors^ 


Many  of  the  indicators  for  a  given  cation  can  be  used  for  other  ones  by  merely  changing  the 
pH  environment  (for  example,  the  buffer  solution)  of  the  sensor.  Sensors  examining  Lf, 
Na\  K*.  Ag'*,  Mg^,  Ca'\  Sr'^  Ba'*.  Cvr\  Cd^  Hg'\  Sn'*,  Zn'*,  Pb'\  T\‘\  Fe'*,  Al'*,  and 


n^''  have  been  developed  using  this  principle.  Other  cations  detected  include  aluminium 
Al^  and  ammonium,  NH^*,  for  monitoring  of  ground  water  streams  and  drinking 
supplies*^"',  and  beryllium*^®’.  Calcium,  Ca'*,  which  can  be  considered  acontaminant  to  water 
supplies  or  a  very  useful  biological  indicator  (i.e.,  muscle  contraction,  synaptic  transmission, 
hormonal  actions),  has  also  been  studied^\  Potassium,  K*,  another  physiologically-important 
cation,  has  also  been  examined'*'**^^*';  some  of  the  recognition  elements  for  K*  can  be  used 


t  (3J’7,32.106,i;3,172.173.183,225.234,:.'t6.257,279.281,29O,.TO.S,3I0,327,36l,3S7,417,418,421.432.110| 
tt  120256.201,329.3341 


for  sodium,  Na*,  which  is  of  similar  physiological  interest discrimination  between  the 
two  ions  may  pose  difficulties. 


A  unique  environment,  such  as  seawater,  can  have  further  requirements  for  detection  of 
cations.  Marine  optical  fibre  sensors  have  been  applied  to  reduce  potential  interference  effects 
from  the  high  concentrations  of  electrical  equipment  (off-shore  rigs,  submarines);  pollutant 
monitoring  within  the  sea  from  a  variety  of  sources,  including  thermal  effects,  is  in  its  infancy, 
and  is  based  on  cation  increases.  Lasdy,  those  cations  of  plutonium  and  uranium  useful  to 
chemical  process  control  in  irradiated  nuclear  fuel  reprocessing  installations  have  been 
detected  with  sensors'*". 

1.2.2.2  Anions 

Anions  are  negatively  charged  chemical  species,  and  include  the  halides,  i.e.,  Cf,  f,  and  Bf. 
Some  anions  are  destructive  to  the  system  in  which  they  are  being  measured,  and  in  the 
gaseous  forms  can  be  toxic.  The  halides  traditionally  arc  detected  as  contaminants  in  water 
systems.  Bromine  ions  can  best  be  detected  through  a  fluorescent  quenching  process'*^’’; 
chlorine  ions  are  monitored  in  water  purification  applications^  ;  and  the  concentration  of 
fluoride  ions  in  aqueous  solutions  are  also  examined'^*'.  Iodine,  in  aqueous  solutions  as  well 
as  in  vapour  form,  has  been  detected'^*’"***'.  The  gaseous  form  of  CN",  a  toxic  gas,  is  monitored 
to  give  warning  of  a  minimum  dosage  level  (concentration-time  product)  that  is  hazardous 
Sulphide  ions  too  can  be  toxic,  as  well  as  having  undesirable  corrosive  effects'^’^". 

1.2.2.3  Watsr  and  water  content 

Moisture  is  of  great  importance  to  food  industries  and  in  telecommunication  systems 
(especially  at  splicing  points),  as  well  as  for  airports  (prediction  o^fog  and  ice).  The  relative 
humidity  of  die  environment  may  be  measured,  or  specific  humidity  or  a  volume  ratio  (parts 
of  water  vapour  per  million  parts  of  air).  A  classic  method  for  determining  the  humidity  (in 
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a  laboratory-based  system  only)  is  the  gravimetric  hygrometer.  In  this  case,  chemicals  that 
are  known  to  absorb  water  are  weighed  while  dry,  exposed  to  the  sample,  and  then  re-weighed. 
For  relative  humidity,  electrical  transducers  which  are  based  on  a  resistance  element  that 
changes  resistance  with  respect  to  water  content  are  used,  though  an  independent  temperature 
measurement  must  also  be  made.  A  number  of  schemes  for  detecting  water  vapour  for  specific 
humidity  measurements  have  been  developed,  either  looking  at  added  mass  (absorption) 
characteristics  (for  example  platinum  oxide)  or  a  colourimetric  chemical  change  (based  on 
cobalt  chloride,  for  instance)’*^'**^*””*'.  Methods  of  performing  the  traditional  laboratory 
(and  reliable)  system  in  field  environments  are  still  in  demand. 

1.2.2.4  Oils 

Oily  substances  can  be  detected  in  soils  or  in  liquid  colloids.  The  nature  of  the  analyte 
(viscosity,  speed  of  interaction)  determines  the  sampling  means.  In  soil,  the  oils  being 
detected  are  likely  to  be  contaminants,  gasoline  or  organic  solvents.  This  type  of  detection  is 
a  low-endpoint  one  (i.e.,  presence  versus  absence  of  the  contaminant  is  necessary),  as  these 
are  often  considered  hazardous  contaminants,  so  sensitivity  requirements  are  quite  strict'”’'^*’. 
If  the  transducer  is  based  on  an  optical  fibre,  a  simple  bare  fibre  sensor  system  for  colloids 
can  be  used:  when  the  core  is  dipped  into  water,  with  a  relatively  low  index  of  refraction,  the 
optical  field  remains  bound;  if  the  core  is  in  contact  with  an  oil,  with  a  refractive  index  typically 
higher  than  that  of  the  fibre,  the  optical  field  is  attenuated.  Coatings  can  be  applied  to  limit 
the  classes  of  oil  that  the  system  reacts  with.  Because  of  the  small  amount  of  material  to  be 
detected  relative  to  the  interferents  in  the  detection  environment,  the  sensor  in  this  situation 
must  be  very  sensitive  and  very  specific. 

1. 2.2.5  Gases 

Gaseous  sensing  as  opposed  to  sensing  in  the  liquid  phase  has  specific  requirements.  Sample 
handling  is  typically  more  difficult,  and  the  substances  monitored  are  often  dangerous  (as  in 
the  case  of  HCN).  Ammonia  gas  is  delected  as  an  environmental  hazard^  and  thereby 
requires  a  dosage  level  to  be  detected  (either  a  low  concentration  over  a  long  period  of  time. 


or  a  high  concentration  over  a  short  period  of  time,  or  some  combination  leading  to  a  dangerous 
accumulation).  Carbon  dioxide  can  be  studied  when  dissolved  either  in  blood  or  in  sea 
water^'"^-^';  the  two  different  environments  require  almost  totally  different  approaef^js. 
Carbon  monoxide  is  a  familiar  hazard  and  is  monitored  as  a  health  and  an  explosive 
danger**”^’;  here,  although  the  environment  for  the  analyte  is  the  same  in  either  case,  the 
‘alarm  states’  (concentration  levels  that  require  explicit  declaration  in  the  data  presentation 
element)  are  quite  different 

Volatile  organochlorides  are  contaminants  in  ground  water  and  soil  Hydrocarbons, 
such  as  xylene,  propane  and  toluene,  as  well  as  the  potentially  carcinogenic  polynuclear 
aromatic  hydrocarbons,  are  monitored  as  environmental  hazards  whether  in  soils,  dissolved 
in  water,  or  in  the  at^•.osphere^  which  will  require  different  sampling  techniques.  Hydrogen 
sulphide  is  another  environmental  hazard  that  is  monitored,  frequently  as  an  industrial 
by-product  Methane  gas,  with  its  widespread  domestic  use,  and  its  potential  as  an 
explosive  hazard  when  mixed  with  air  (in  the  v/v  ratio  5  to  15%),  which  may  come  from 
industrial  or  natural  (farm-based)  sources  i**-*"-*^’^  Sample  handling  is  extremely  important 
in  all  these  examples,  and  may  completely  drive  the  design  of  the  sensor.  For  exataple,  a 
simple  flow-through  column  may  be  used  which  flushes  the  sample  past  the  sensing  elements 
at  a  certain  rate,  allows  a  determination  of  concentration  but  reduces  the  likelihood  of 
contamination  of  the  sensing  region:  a  sample  cell  for  fluids  may  instead  allow  a  static 
environment  for  sensing. 

The  medical  environment  (i.e.,  in  hospital  oi  at  the  laboratory)  has  very  suingent  requirements: 
minimum  detectable  concentrations  or  rigid  concentration  regimes  are  demanded.  Oxygen 
gas  sensing  (pardcuiarly  as  a  blood  gas)  has  been  extensively  studied  for  its  applications  in 
biomedical  applications  as  well  as  environmental  and  industrial  areas^.  Oxygen  detected  in 
vivo  constrains  size,  materials  chosen,  and  the  response  time  of  the  sensor.  Narcotics,  such 
as  the  anaesthetic  halothane,  are  detected  in  combination  with  oxygen  Nitrogen  oxides 
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aiie  monitored,  frequently  with  Jie  use  of  a  gas-permeable  membrane"”'. 

In  various  industrial  applications,  gases  which  are  not  otherwise  hazards  also  require 
detection.  Sulphur  fluoride  is  used  to  insulate  switches  in  electrical  substadons  and  its 
discharge  is  closely  monitored  to  prevent  explosions"”'.  Various  solvents,  both  polar  and 
non-polar,  have  been  investigated  for  process  control  monitoring"**’’**^,  and  the 
concentradon  levels  can  relate  to  a  degree  of  completeness  (of  a  fermentadon,  for  example) 
or  the  need  to  change  chemical  components. 

13  Sensing  system  determinants:  technologies 

13.1  Non-optical  sensing  technologies 

The  many  chemical  analytes  that  are  of  medical,  industrial,  environmental  or  military  interest 
have  been  examined  by  a  variety  of  technologies.  All  the  sensors  developed  are  changed  by 
the  environment  in  some  measurable  manner.  Although  there  are  some  excepdons,  most  of 
the  techniques"**'  used  up  to  the  present  dme  fall  into  the  categories  of  electrochemical, 
prcssure-sensidve  (acousdc),  or  pyrometric.  These  are  brietly  reviewed  below:  an  excellent 
coverage  of  these  technologies  (and  others)  is  available  in  the  series  entitled  Sensors:  A 
Comprehensive  Survey,  edited  by  W.  Gopel,  J.  Hesse,  and  J.  N.  Zemel.  The  technological 
choice  for  the  sensor  system  can  dictate  sample  handling,  response  time,  as  well  as  other 
pordons  of  uldmate  system  design. 

13.1.1  Electrochemical 

1.3.1. 1.1  Amperometric 

One  of  the  first  types  of  chemical  sensors  to  be  considered  was  based  on  amperornelry'’*’'', 
which  depend  on  the  main<enance  of  a  fixed  potential  between  two  electrodes.  The  current 
flow  in  the  ceil  is  measured  at  the  single  applied  potenti.nl"*';  optimally,  the  target  chcmicDl 
species  will  undergo  chemical  transfer  with  the  eloctnxle,  so  the  change  in  current  is  directly 
related  to  concentration'*''.  Aitemadvely,  an  intermediary  can  be  used,  which  interacts  with 


the  analyte,  and  then  undergoes  electron  transfer  with  the  electrode.  Problems  of  flexibility 
in  sample  handling,  and  ‘electrode  poisoning’  must  be  addressed  during  the  design  and 
manufacture  of  sensing  systems  based  on  such  devices. 

13.1.1,2  Potentiometric 

Potentiometric-based  sensors  operate  on  the  principle  of  the  accumulation  of  charge  density 
at  an  electrode  surface,  which  in  turn  develops  a  measuiable  potential  at  that  electrode.  Many 
sensors  using  this  principle  arc  based  on  field  effect  transistors  (FETs)^  The  potential  detected 
is  related  to  the  analyte  activity  present  in  the  sample  and  is  measured  relative  to  an  inert 
reference  electrode  also  in  contact  with  the  sample'*^'.  Chemical  sensors  of  this  type  are 
insulated  gate  FETs  in  which  the  gale  metal  electrode  is  replaced  by  a  suitable  membrane  and 
a  reference  electrode.  For  biosensors,  this  suitable  membrane  may  include  structures  from 
various  plant  and  animal  soutces'*"*'.  Difficulties  in  devising  mcmbraiics  without  ionic  leakage 
had  hindered  the  manufacturability  of  these  otherwise  simple  devices,  though  recent  efforts 
have  improved  matters,  leaving  the  sensitivity  to  ionic  differences  in  samples  (i.e.,  O.IM 
venus  0.05  M)  a  potential  difficulty. 

1.3.1.13  Conductimetric 

As  chemical  reactions  produce  or  consume  ionic  species,  the  overall  conductivity  of  the 
solution  changes,  usually  monitored  by  the  application  of  an  alternating  current  between  the 
two  electrodes*'^’.  These  changes  will  he  nonspecific  unless  monitored  on,  or  In  close 
proximity  to,  immobilised  ‘indicators*.  These  indicators  may  be  pH-scnsiiivc,  enzyme.":  and 
their  substrates,  or  anything  else  specific  to  the  desired  interaction.  In  this  exse,  the  changes 
in  solution  conductivity  can  be  attributed  to  changes  in  concentration  of  thc.se  indicators. 

One  example  of  a  conductimetric  .scasor  is  a  biosensor  based  on  a  pair  of  micrix;lecusxJcs 
with  an  applied  electric  field.  The  electaxjes  are  surrounded  by  an  electrolyte  or  bulTcred 
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solution  containing  an  enzyme  and  the  species  to  be  detected.  The  circuit’s  temperamre  must 
be  closely  controlled  to  prevent  thennal  effects  from  dominating,  but  once  done,  the 
instrument  may  be  calibrated  against  a  standard  resistor  across  the  sample  cell  electrodes  to 
allow  the  output  voltage  change  of  uSe  conductimeuic  sensor  to  be  related  to  the  reaction 
change  in  conductance.  A  type  of  chemical  reaction  that  would  produce  such  changes  is  the 

urease 

NH,  ■  CO  NHj  +  3HjO - >  2NH;  +  HCq  +  OH- 

enzyme 

urea 

decomposition  of  urea  to  produce  ammonium  (NH^*)  and  bicarbonate  (HCO,  )  ions,  which 
both  serve  to  increase  the  conductivity  of  the  test  solution. 

13.1,2  Pressure-sensitive 

Rczoeiectiic  seasors  measure  mass  change  as  species  are  adsorbed  on  the  sensors’  surface, 
changing  the  resonant  frequency  of  a  crystal.  These  mass  changes  are  made  specific  through 
the  immobilisation  of  an  indicator  onto  the  crystal  surface’^'.  Some  form  of  acoastic 
electrical  wave  propagates  through  the  crystal  either  as  a  surface  wave,  bulk  wave,  or  a 
combination  of  both  types  of  waves"*”.  An  example  of  the  piezoelectric  sensor  is  that  ba.scd 
on  surface  acoustic  waves  (SAW)  with  two  sets  of  interdigitated  metal  electrodes  on  a 
piezoelectric  thin  planar  substrate.  An  AC  electrical  signal  is  applied  to  one  set  of  electnxJos, 
an  acoustic  wave  is  venerated  and  the  other  set  of  electrodes  receives  this  wave  and  converts 
it  back  into  an  electrical  signal,  A  sensitive  coating  is  immobili.sed  in  the  propagation  path 
of  one  of  the  oscillators;  if  an  analyte  binds  to  the  coating,  the  mxss  of  the  crystal  increases, 
the  delay  time  changes  (as  the  resonant  frequency  of  the  crystal  changes),  and  the  frequency 
shift  of  the  change  can  be  related  to  the  mass  change.  SAW  devices  have  been  used 
extensively  for  gaseous  measurements"^  and  more  recently  for  biosensors.  The 
investigations  continue  for  suitable  chemical  coatings  which  display  insensitivity  to 
high-frequency  oscillation  while  retaining  selective  hehavrour  for  the  analyte. 


13.U  Pyrometric  (calorimetric) 


These  sensors  are  based  on  a  response,  electrical  or  otherwise,  to  a  change  in  the  heat 
environment  of  the  sensor.  An  example  is  the  heat  wire  sensor,  which  is  used  in  the  automotive 
industry  to  measure  intake  air  for  fuel  injection  control,  based  on  thin  platinum  wires  and  their 
heat  capacity  (known  expansion  rate  as  a  function  of  temperature  change)****.  In  addition, 
certain  chemical  reactions,  especially  biological  ones,  can  be  monitored  by  the  heat  evolved 
in  the  catalytic  process.  Such  a  device  Ls  the  enzyme  thermistor,  which  measures  heat  output 
when  a  sample  solution  is  passed  through  an  ‘enzyme  reactor’**”'  surrounding  a  thermistor. 
The  changes  in  resistance  recorded  electrically  can  then  be  correlated  to  a  change  in  enzyme 
action. 

UJ  Optical  techniques 
1. 3.2.1  Bulk  optics 

Optical  techniques  are  among  the  oldest  and  best  established  methods  for  sensing  chemical 
and  biocheniical  analytes'***'.  Since  the  optical  sensor  has  no  metal  components,  it  wiM  not 
present  a  risk  of  generating  sparks,  nor  will  it  conu^butc  to  electromagnetic  interference. 
Although  many  optical  geometries  exist  to  direct  light,  prisms,  slab  waveguides  and  gratings 
are  typical  structures  used  for  seasing'.  All  of  these  waveguides  function  to  conduct  light 
(optical  energy)  in  a  known  manner,  and  the  selective  interaction  of  light  at  the  interface 
between  the  sample  aird  waveguide  provides  information  about  the  sample.  One  of  the  most 
successful  and  powerful  techniques"”'  for  chemical  sensing  utili.ses  evanescent  field 
penetration'”*',  in  any  of  number  of  melhtxl.s.  These  optical  evanescent  techniques  will  be 
discassed  in  Chapter  2. 
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13.1.2  Optical  fibre  sensing 


In  some  applications,  the  use  of  optical  fibres  would  present  significant  advantages'^'’^'**”*'. 
Their  small  size  and  weight  make  it  a  useful  component  for  aerospace  or  offshore  applications, 
or  remote  applications  where  heavy  electrical  cabling  is  excessively  expensive.  Most  optical 
fibre  is  very  flexible  and  can  be  readily  inserted  into  small  volumes  or  wound  into  various 
shapes  (i.e.,  coils  or  loops)  for  particular  sensing  requirements'”*'.  It  is  relatively  simple  to 
multiplex  (in  time,  or  wavelength,  with  various  wavelengths  transmitted  simultaneously)  and 
have  multiple  endpoints'*’’^**'”*'.  Optical  fibres  may  be  used  as  temperature  sensors’:  for 
example,  as  neodymium  ions  in  the  core  region  of  a  fibre  change  temperature,  their  absorption 
spectrum  changes;  the  ratio  of  transmitted  intensity  of  two  wavelengths  is  an  indication  of 
temperature''*'. 

1.4  Conclusions 

Two  main  determinants  for  a  sensor  system  are  the  analyte  of  interest  and  the  technology 
chosen  to  perform  the  detection.  The  application  for  which  the  analyte  must  be  analysed  can 
also  alter  system  requiren.ents.  No  single  technology  or  design  is  suitable  for  all  sensor 
systems.  In  order  to  be  successful  in  developing  a  useful  sensor  system,  the  end  user  or  market 
for  the  system  must  be  understood.  Market  studies"**’*'*'  have  examined  the  focus  for  sen.sors 
in  the  (near)  future,  and  most  have  concluded  the  medical  diagnostics  market  is  the  dominant 
area  for  future  sales'*'**'*';  this  includes  "clinical"  testing,  consumer  (take-home)  testing,  and 
immediate  patient  diagnostics  (in  vivof^.  The  chemical  sensor  development  lab  at  the 
Instituto  di  Ricerca  sulle  Onde  Elletromagnetiche,  Italy  has  been  developing  a  commercialised 
bile  monitor'***''.  Scientists  there  claim  that  optical  fibre  chemical  sensors  are  advancing 
faster  in  biomedicine  than  any  other  technology.  Other  areas  of  development  include  the  food 
industry,  and  environmental  monitoring  (both  for  the  factory  and  public  areas).  Optical 
sensing  techniques  adapted  for  u.se  in  these  areas  will  be  reviewed  in  Chapter  2. 
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Chapter  2 


Optical  Sensing  Techniques 


Summary 

The  approaches  to  chemical  and  biological  sensing  am  vary  widely,  but  some 
that  have  met  with  much  success  use  an  optical  technique.  A  number  of  optical 
approaches  tc  gathering  information  about  a  chemical  or  biological  sample  have 
developed.  Most  are  evanescent  field  interactions,  but  ellipsometry,  which 
depends  upon  the  polaris ability  of  light,  is  also  a  powerful  technique.  In  this 
chapter,  the  techniques  for  using  optical  interaction  with  an  analyte  are  generally 
reviewed,  and  the  applicability  of  such  techniques  to  optical  fibres  are  discussed. 


2.0  Optical  sensing 

Of  the  vast  number  of  transduction  mechanisms  that  have  been  developed  for  use  with 
chemical  sensing,  the  optical  property  changes  often  provide  the  most  readily  detectable 
system"******'.  Part  of  this  stems  from  the  fact  that  much  of  the  chemical  sensing  currently 
performed  relies  upon  the  interaction  of  the  analyte  with  the  sensitive  j’ement  of  the  device 
at  a  surface.  The  analyte  typically  is  a  relatively  small  molecule  and  the  sensing  problem  has 
been  interpreted  to  be  reduced  to  only  two  dimensions'***^'.  For  biosensors  in  particular,  this 
would  be  considered  an  advantage  as  .he  level  of  interference  from  the  bulk  solution  is 
drastically  reduced.  If  such  a  surface  reaction  was  taking  place,  then  the  chemical  system 
being  examined  is  not  allowed  to  come  to  a  true  equilibrium,  and  an  arbitrary 
(sensor-dependent)  time  frame  can  be  chosen  to  suit  the  dynamics  of  interaction,  thus  speeding 
up  the  detection  time.  Svirre  of  the  typically  used  optical  sensing  techniques  are  ellipsometry, 
internal  reflection  spectroscopy,  and  surface  plasmon  resonance. 

Many  efforts  have  been  pursued  in  adapting  optical  techniques,  especially  optical  fibres,  to 
chemical  sensing,  as  summarised  in  Appendix  I.  The  type  of  waveguide  used  Ls  all  hut 
irrelevant  to  the  technique  chosen,  as  long  as  it  meets  the  issumptions  of  the  methodology 
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employed  (i.e.,  a  suitable  number  of  interactions  per  unit  length).  The  abilities  of  the  most 
typically  used  techniques  are  reviewed,  as  well  as  the  unique  features  of  the  optical  fibre  that 
make  it  a  most  useful  basis  for  portable  and  "in  the  field"  sensor  systems. 

2.1  Ellipsometry 

Ellipsometry  is  a  mea,surement  technique  for  thicknesses  and  refractive  indices  of  thin  films 
(up  to  tens  of  nanometers)  on  solid  surfaces  and  for  the  measurement  of  optical  constants 
(index  of  refraction  and  film  thickness)  of  reflecting  surfaces.  A  thin  transparent  film  on  a 
reflecting  surface  causes  changes  in  polarisation  state  from  which  the  thickness  and  refractive 
index  of  the  film  may  be  determined.  The  initially  linearly  polarised  collimated  light  beam 
(monochromatic)  upon  reflection  becomes  elliptically  polarised.  The  degree  of  ellipticity 
(ratio  of  minor  to  major  axis)  and  azimuth  (orientation  of  ellipse)  provides  information  on 
changes  in  film  thickness  and  refractive  index'“^^'.  A  typical  set-up  for  ellipsometry 
measurements  is  shown  in  Figure  1. 


Figure  2.1  General  eUipsometric  set-up . 


In  general,  an  optical  model  is  used"*'’”'  to  represent  the  surface  (substrate)-organic  layer  (i.e., 
protein)-buffer  solution.  This  is  known  as  the  three-layer  or  three-phase  model,  and  the  film 
is  assumed  to  be  uniform  (homogeneous)  and  non-absorbing.  The  thickness  (d)  and  refractive 
index  (n)  may  then  be  calculated.  It  is  obvious  that  these  are  average  values,  as  protein  films 
are  not  uniform  (particularly  in  solution),  and  often  dynamic.  Arwin"*'  has  examined  this 
problem  extensively,  but  this  essential  difficulty  remains.  Nonetheless,  even  these  average 
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values  provide  a  reference,  and  changes  on  the  surface  can  be  relaled  to  analyte  concentration 
changes. 


2.2  Internal  reflection  techniques 

Either  the  characteristic  absorption  or  fluorescence  of  molecular  layers  may  be  determined, 
based  on  the  same  principles.  The  optical  spectrum  of  a  sarajdc  material  that  is  in  contact 
with  an  optically  denser  but  transparent  medium  is  recorded.  Light  is  then  introduced  into 
the  denser  medium  and  the  wavelength  dependence  of  the  reflectivity  at  the  interface  is 
measured  in  any  one  of  a  number  of  ways  (Figure  2). 


Irtatrul  reflection 


)A]ticl«  irtemal  re<leclion 


Figure  22,  Internal  reflection  techniques.  The  layer  thickness  is  shaded,  0  is  the 

internal  reflection  angle,  Iq  the.  incident  light  intensity  and  /  the  reflected 
light  intensity. 


When  the  light  beam  suikes  the  interface  between  the  two  transparent  media  from  the  optically 
denser  side  (n,  >  n^),  total  internal  reflection  occurs  when  the  angle  of  reflectance 

9  >  sin  I — |.  In  this  case  an  electromagnetic  component  ofthe  light,  termed  the  evanescent 


wave,  penetrates  a  characteristic  distance  beyond  the  reflecting  surface  into  the  optically  rarer 
medium.  A  depth  of  penetration  is  typically  defined  (when  the  electric  field  amplitude  has 
decayed  to  a  fraction  of  its  value  at  the  surface),  which  is  usually  of  the  order  of  .several  hundred 
nanometers.  Because  of  this  small  distance,  the  evanescent  field  is  absorbed  by  compounds 
on  or  close  to  the  reflecting  surface. 


The  chemical  species  on  or  near  to  the  reflecting  surface  may  simply  absorb  the  evanescent 
field,  resulting  in  attenuation,  or  may  chemically  convert  it  into  fluorescent  light  (of  a  longer 
wavelength)  that  can  be  detected  separately  from  the  incident  light. 

2.2.1  Attenuated  Total  Reflection  (ATR)  spectroscopy 

If  the  analyte  has  a  characteristic  absorption  maximum  or  spectrum,  it  should  be  possible  to 
monitor  interface  binding  reactions  optically.  A  great  mass  of  data  is  readily  available  on 
many  chemical  compounds  (and  elements)  in  the  UV  and  IR  portions  of  the  electromagnetic 
spectrum*^'.  Data  are  not  so  readily  available  in  the  visible  portion,  and  thus  must  be 
determined  prior  to  system  development  Virtually  any  type  of  waveguide  may  be  used  to 
assess  the  absorption  spectra;  the  most  successful  systems  rely  upon  the  use  of  the  evanescent 
field  to  interact  with  the  surface^  Many  techniques  rely  upon  a  planar  waveguide'^^''’”',  with 
many  points  at  which  the  optical  energy  interacts  with  the  analyte.  For  similar  reasons,  optical 
fibres  could  be  used,  since  with  a  suitably  long  interaction  length,  many  sampling  points  could 
be  obtained. 

2.2.2  Totally-Intemally-Reflected  Fluorescence  (TIRF)  spectroscopy 

Internal  reflection  fluorescence  is  a  subset  of  internal  reflection  techniques””’”*^". 
Detecting  fluorescent  light,  as  used  in  TIRF  spectrometry,  typically  reduces  interferent  affects 
that  would  result  in  attenuation  of  the  original  light  beam  from  factors  unrelated  to  the  analyte 
The  set-up  for  TIRF,  shown  in  Figure  3,  is  veiy  similar  to  that  of  internal  reflection 
techniques  for  absorption,  but  incorporates  a  filter  to  eliminate  the  input  (pump)  light.  The 
waveguide  in  this  case  may  be  planar,  a  prism,  or  even  an  optical  fibre. 
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Figure  23  Internal  reflection  fluorescence:  right-angle  (a)  and  in-line  (b)  detection. 

23  Surface  Plasmon  Resonance  (SPR) 

A  surface  plasmon  wave  is  an  electromagnetic  wave  which  propagates  along  the  surface  of  a 
metal.  In  general,  this  wave  is  a  guided  wave  formed  at  the  interface  of  a  metal  and  a  dielectric 
when  TM  polarised  light  is  incident  at  a  suitable  angle  on  the  interface  from  the  dielectric 
side.  A  surface  plasmon  can  be  optically  excited  by  evanescent  waves  if,  for  example,  an 
incident  light  beam  is  reflected  at  the  surface  of  a  glass  substrate  coated  with  a  thin  metal  film 
(often  gold  or  silver).  If  surface  plasmon  resonance  is  induced,  light  will  be  readily  absorbed 
at  a  certain  angle  of  incidence  of  the  light  beam.  This  effect  can  then  be  observed  as  a  sharp 
minimum  in  the  intensity  of  reflected  iight*^‘“'.  The  resonance  angle  is  extremely  sensitive  to 
variations  in  the  refractive  index  of  the  medium  bonding  on  top  of  the  metallised  surface 
(illustrated  in  Figure  4). 

Fluid  Sampl* 


Angi* 


Figure  2.4  Surface  plasmon  resonance  and  optical  biosensing. 


If  the  metal  surface  had  one  half  of  an  antigen-antibody  pair  attached  to  it,  the  binding  of  the 
second  half  will  change  the  resonance  angle.  A  limitation  of  this  technique  is  that  the 
sensitivity  depends  upon  the  molecular  weight  of  the  absorbed  layer  which  controls  its  optical 
thickness,  so  low  concentrations  of  small  molecules  (with  a  molecular  weight  of  less  than 
250)  are  not  measurable.  In  biological  systems,  however,  and  proteins  in  particular,  the 
analytes  are  frequently  many  times  larger  than  this  limit,  and  SPR  has  had  much  success 
(including  commercialised  systems). 

2.4  Optical  fibres 

For  many  of  the  techniques  described  above,  virtually  any  type  of  waveguide  can  be  used. 
Tne  essential  portion  of  the  information  is  simply  optical:  i.e.,  reflectance,  absorption  or 
received  fluorescence  information  rather  than  geometric,  so  any  configuration  can  be  used. 
The  overall  goal  of  most  sensor  research  is  to  develop  a  field-deployable  system  (whether  the 
‘field’  is  medical,  environmental  or  industrial).  Because  of  the  growing  interest  in  performing 
analysis  from  a  remote  location,  optical  fibres  have  begun  to  receive  a  great  deal  of  attention'”'. 

Optical  fibres  can  be  used  as  a  sensing  element  in  a  number  of  the  optical  techniques  so  far 
discussed  (for  example,  SPR,  TIRF  and  ATR  spectromeU7).  In  general,  optical  fibres  are 
waveguides  made  of  transparent  dielectrics  whose  function  is  to  guide  visible  and  infrared 
light  over  long  distances.  A  typical  optical  fibre  consists  of  an  inner  cylinder  of  glass,  called 


Figure  2,5  Optical  fibre:  core,  cladding,  jacket  (protective  rather  than  wave  guiding, 
for  the  most  part),  and  angle  of  acceptance, 
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the  cote,  surrounded  by  a  concentric  shell  of  glass  (or  other  material)  of  lower  refractive  index, 
termed  the  cladding,  as  illustrated  in  Figure  5. 

Optical  fibres  may  be  classified  in  terms  of  the  refractive  index  profile  of  the  core  and  whether 
one  electromagnetic  mode  (single  mode,  where  a  mode  is  the  method  of  field  propagation)  or 
many  modes  (multimode)  can  propagate  through  the  waveguide.  Each  of  these 
configurations  can  have  specific  advantages  or  disadvantages,  depending  on  the  requirements 
of  the  analyte.  The  inherent  design  of  fibre  devices  lends  further  advantages  to  the  optical 
chemical  sensing  technique.  Optical  fibre  probes  are  mechanically  flexible,  (typically)  small, 
(potentially)  inexpensive  and  disposable'^'. 

The  other  advantages  of  optical  fibres  cited  tend  to  be  their  lack  of  electrical  components, 
and  continuous  operation  with  the  possibility  of  real-time  remote  output'^*^*’^*^'.  The  sensing 
portion  of  the  optical  fibre  may  be  remote  from  the  optical  instrumentation  meaning  that  the 
probe  itself  can  be  made  inexpensively  (and  possibly  disposable),  and  the  source  can  be  more 
sophisticated.  The  ease  of  constructing  arrays  or  networks  of  fibres^  suggests  that  multiple 
measurements  (either  for  different  analytes  or  from  different  locales)  could  be  performed 
simultaneously.  Various  techniques  have  evolved  for  the  use  of  the  evanescent  field  of  the 
fibnss,  with  the  same  advantages  expected  as  seen  for  other  optical  detectors Optical  fibre 
biosensors,  especially  for  biomedical  applications,  are  generating  great  commercial  interest 

2.5  Conclusions 

Optical  techniques  in  general  have  had  success  in  measuring  chemical  concentration  as  well 
as  other  parameters  of  samples.  Most  of  the  techniques  available  for  other  optical  waveguides 
and  configurations  are  adaptable  to  optical  fibres,  and  their  mechanical  flexibility  and  ability 
to  be  multiplexed  are  further  benefits.  The  largest  future  market  for  sensors  is  expected  to 
biomedical,  where  optical  fibres  are  considered  to  be  an  attractive  option.  The  use  of  optical 
fibres  in  conjunction  with  the  evanescent  field  should  provide  a  reliable  and  sensitive  sensing 
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system.  The  method  used  for  gaining  access  to  the  evanescent  field  in  this  research  is  based 
on  adiabatically  tapered  fibres.  The  fabrication  of  the  tapered  fibre,  as  well  as  other  important 
experimental  components,  is  discussed  in  Chapter  3.  The  origin  of  the  evanescent  field,  and 
methods  to  take  advantage  of  it,  is  discussed  in  Chapter  4. 


21 


Chapter  3 


a 


Details  of  taper,  coupler  and  taper  loop 
fabrication  and  packaging 


Summary 

A  suitablf  method  far  gaining  access  to  the  evanescent  field  in  optical  fibres  was 
established  using  adiabatic  tapering.  The  details  of  fabricating  the  basic  tapered 
fibre,  as  well  as  fused  fibre  couplers  are  described  in  this  chapter.  A  method  of 
allow  the  sensitive  portion  of  the  tapered  fibre  to  become  selective  as  well  as 
readily  exposed  to  the  sample  was  chosen,  and  an  appropriate  mount  designed 
and  described  Lastly,  the  computer  program  used  to  develop  a  theoretical 
under  standi  ns;  of  the  evolution  of  the  modal  fields  is  reviewed. 


3.0  Tapering  rig 

The  basic  adiabatic  taper,  at  the  Engineering  Department  of  Cambridge  University,  was  made 
on  the  tapering  rig  originally  designed  by  H.S.  MacKenzie'^’’  and  subsequently  upgraded 
for  better  fibre  alignment  and  gas  control  by  G.J.  Pendock'”*’.  The  rig  is  similar  in  concept 
to  those  used  for  making  fused  fibre  couplers  and  other  tapered  fibre  components***'^.  It 
consists  ^f  two  motor  driven  stages  (Oriel)  incorporating  a  micrometer  and  a  gas  burner  flame 
to  soften  the  fibre.  The  stages  moved  apart  in  opposite  directions  at  the  same  speed  (2  to  100 
pra/second)  to  ensure  symmetric  tapering.  The  gas  flame  was  a  mixture  of  oxygen  and 
methane  (town  gas;  or  butane  or  propane).  The  length  of  the  flame  was  adjustable,  as  was 
the  ratio  of  gases  used  (with  a  flow  rate  of  approximately  25  cmVminute),  which  was 
accomplished  through  the  use  of  needle-valves  and  flow  meters  in  the  gas  supply  lines.  The 
burner  heads  were  custom  made  within  the  workshop,  and  were  mounted  on  a  sliding  stage 
that  could  easily  remove  the  heat  from  underneath  the  taper  once  the  process  was  complete. 
Jigs  in  conjunction  with  magnets  held  the  fibre  in  place  during  the  tapering. 
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3.0.1 


Fibre  preparation 


The  fibre  used  in  all  cases  was  SM450  fibre  from  York  Technology  (preform  YDS  80)  with  a 
numerical  aperture  of  0. 1 8,  an  outer  cladding  diameter  of  80  microns,  and  a  nominally  circular 
core  of  diameter  1.7  microns.  A  central  portion  of  the  fibre’s  protective  coating  was  reraoveo 
by  dipping  it  in  NitroMors  (a  commercially  available  paint  stripper),  waiting  a  short  period 
of  time  (two  minutes),  and  snipping  off  the  affected  portion.  This  portion  was  then  thoroughly 
cleaned  vwth  acetone,  and  p'.aced  in  the  grooves  of  the  supporting  jigs  (fixed  in  place  with 
small  magnets).  The  jigs  holding  the  fibre  were  carefully  aligned  to  prevent  the  taper  from 
bending  during  the  heating  process.  One  end  of  the  fibre  was  then  illuminated  with  a 
monochromator-selected  white  light  source  (tungsten);  the  other  end  illuminated  a  large  area 
photo  diode  (RS  Components).  The  transmission  through  the  fibre  was  monitored  during  the 
tapering  process  (an  acceptable  loss  was  0. 1  dB  or  less).  The  general  set-up  for  the  tapering 
rig  (without  light  source,  monochromator,  or  photodiode)  is  shown  in  Figure  1. 


Figure  3.1  The  tapering  rig:  motor-driven  mounts  with  supporting  jigs  for  fibre, 
burner  head  on  sliding  stage,  gas  supply  lines. 
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3.0^  Tapering  process 


The  tapering  was  started  by  placing  the  flame  underneath  the  prepared  fibre  and  engaging  the 
motor  driven  stages.  The  speed  of  the  motors  had  to  be  slow  enough  to  ensure  a  smooth 
profile  (6  to  10  jim/second)  though  rapid  enough  to  prevent  taper  sagging.  When  the  taper 
waist  reached  the  desired  diameter,  the  process  was  stopped,  the  tapered  fibre  mounted 
suitably,  and  the  actual  diameter  measured  hy  micro.scope.  The  waist  diameter  was  gauged 
largely  by  eye  during  the  process,  and  by  no»ing  the  distance  traveled  by  the  stages,  which 
was  at  least  10  mm  (from  the  centre  point,  or  a  total  of  20  mm,  and  op  to  40  mm).  The  profile 
of  the  tapered  fibre  could  be  approximated  conveniently  by  an  exponential  function''***.  Taper 
waists  of  the  order  of  one  micron  were  ased  routinely  for  most  experiments,  especially  those 
involving  tapered  loops  (.section  1.2). 

3.03  Initial  dye  ceil  mounts 

For  several  of  the  initial  experiments,  the  fini.shed  tapered  fibres  were  mounted  in  aluminium 
dye  cells,  as  illu.strated  in  Figure  2.  The  fibre  and  dye  cel!  were  covered  with  a  sntall,  thin 
slab  of  Penpex  to  prevent  du.st  and  other  foreign  objects  from  landing  on  the  fibre  surface,  is 
well  as  to  provide  a  fixed  volume  for  interaction  in.side  the  dye  cell.  The  fiba*  wis  bonded  to 
the  mount  using  a  rcagent-resustant  glue  (Plastic  Padding  Chemi-Dry,  with  additional  resin 
to  achieve  a  proper  viscosity),  and  the  Perspex  slab  to  the  mount  with  a  .silicone  adhesive 
(commercially  available  bath  .sealant).  A  peristaltic  pump,  shown  in  Figure  .1.  with  a  magnetic 
stirrer,  was  ased  in  the  experiments  using  the  dye  cell,  which  served  to  circulate  the  .solution 
along  the  taper  at  speeds  from  2  to  7  cm/s.  This  speed  did  not  break  the  taper  nor  did  it  cau.se 
quenching  of  fluorescent  solutions  (when  used). 
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Figure  3.2  Custom  made  dye  cell  mount  (45  by  20  mm}  for  tapered  fibre:  aluminium 
with  plastic  (Tygon  or  other  suitably  flexible  material)  tubing  to  allow 
solutions  to  flow. 


Figure  3.3  Peristaltic  pump  w^ed  to  circulate  solutions  through  the  dye  cell,  along  the 
taper  interaction  length:  magnetic  stirrer  in  reservoir  to  mu  solutions. 
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3.1  Couplers 


Couplers  were  used  fhroughoui  these  experiments  to  monitor  input  power  to  the  tapered  fibre 
or  tapered  fibre  loop.  These  were  constructed  using  the  same  tapering  rig  with  a  minor 
adaptation  to  the  methodology.  The  fused  fibre  couplets  ate  cladding  mode  devices  which, 
during  the  tapering  process,  allow  the  fields  in  the  fibres  to  become  cladding  guided.  When 
the  fields  enter  the  fused  region,  the  zeroth  and  first  order  cladding  modes  of  the  effective 
waveguide  system  (two  cores,  partially  fused  cladding  region,  outer  cladding  region)  are 
excited'”*',  and  coupling  between  the  two  branches  arises  from  the  interference  between  these 
two  modes  as  they  propagate  across  the  fased,  tapered  region.  The  splitting  ratio  between  the 
two  branches  depends  on  the  phase  difference  between  the  two  modes  as  they  leave  the  fused 
region  and  are  recaptured  back  into  their  respective  cores.  In  practise,  it  is  difficult  to  ‘design’ 
the  actual  ratio  required  (i.e.,  a  desired  ratio  of  9.5:5  may  turn  out  to  be  97:3  and  so  forth). 

Fabrication  of  a  coupler  required  two  lengths  of  fibre  to  positioned  side  by  side  on  the  tapering 
rig  with  contact  between  the  expo.sed  cladding  hut  no  twist.  This  was  critical  to  minimising 
loss,  and  was  examined  carefully  with  a  microscope  prior  to  initiating  the  taper  process.  The 
transmission  loss  and  power  u^nsfers  during  the  tapering  process  were  monitored  as  before, 
and  the  process  was  stopped  when  the  desired  output  ratio  wis  achieved.  Removing  the  flame 
always  resulted  in  a  slight  increa.se  in  the  coupling  coefficient  as  cooling  took  place'*',  hut 
this  was  not  critical  for  any  of  the  experiments  is  long  as  the  ratio  between  the  two  branches 
was  known.  Couplers  were  packaged  in  grooved  silica  rods  (with  the  tapered  portion  in  air)'**', 
and  subsequently  in  Perspex  containers,  is  pictured  in  Figure  4.  When  needed  in  the  optical 
circuit,  a  coupler  was  spliced  in  front  of  the  taper  to  monitor  the  input  power.  The  splicer 
used  was  a  B.I.C.C.  (British  Insulated  Calendar  Cable)  Te.st  Instruments  AF.S  310<)  fibre 
splicer,  and  the  insertion  loss  of  adding  a  splice  coupler  wis  no  more  than  0.3  dB. 

3.2  Taper  loop 

As  will  be  di.scu.s.sod  in  Chapter  8,  a  IHtf  macroloop  could  be  losslessly  intnxluced  into  the 
tapered  region  of  the  fibre  after  it  had  been  made.  Loops  were  made  u,sing  a  custom-made 
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Figure  3.4  Packaged  coupler:  a  Perspex  container  was  used  to  store  the  couplers  for 
use  in  experiments  (cover  removed  here  for  clarity).  Some  of  the  chemical 
processes  required  that  the  coupler  be  respliced  onto  the  fibre  leading  to 
the  mounted  taper  at  the  beginning  of  every  sample  run. 

jig,  as  shown  in  Figure  5.  After  the  tapering  process  was  complete,  one  side  of  the  tapered 

fibre  (near  the  original  diameter  portion)  was  bonded  to  a  new  (from  the  dye  cell)  mount 

(shown  in  Figure  6).  Once  the  glue  had  set.  the  end  of  the  tapered  fibre  farthest  from  the 

mount  was  slipped  out  of  the  Jig  and  rotated  180*  and  slipped  into  the  groove  of  the  mount 

The  length  of  the  looped  portion  could  be  adjusted  with  the  use  of  a  metal  guide  rod  (shown 

in  Figure  5).  The  transmission  was  monitored  throughout  the  process  to  ensure  a  return  to 

the  original  transmission.  The  fibre  could  be  slid  along  the  groove  to  recover  the  initial  signal, 

if  necessary.  The  second  end  of  the  fibre  wxs  then  bonded  to  the  mount  (made  of  brass  to  be 

chemically  inert,  as  made  necessary  during  some  of  the  heating  steps  in  the  cholera 

immunoassay).  The  upper  portion  of  the  mount  was  then  joined  to  the  base  forming  a 
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Figure  3^  Jig  for  making  tapered  loops  with  centre  post  to  guide  length  of  loop. 

complete  unit,  and  a  protective  cap  (made  of  Perspex,  lead,  glass,  or  any  other  material  as 
required)  slipped  over  the  looped  portion  to  protect  it  (or  to  allow  chemical  interaction  with 
the  waveguide). 

These  mounts  were  found  to  be  very  robust,  and  could  easily  withstand  any  number  of  knocks 
(barring  head-on  drops  onto  the  loop)  without  breakage  or  transmission  loss.  The  length  of 
the  tapered  loop  available  for  interaction  with  solutions  in  its  cap  ranged  from  10  to  40 
millimeters  (though  the  amount  of  evanescent  interaction  possible  at  thicker  portions  of  the 
fibre  is  small),  with  an  average  of  20  millimeters  being  standard. 

3.3  Gjmputer  model  for  field  description 

A  computer  model  (developed  by  Dr  H.S.  MacKenzie  in  the  process  of  his  PhD*’^’)  was  used 
in  this  research  to  determine  the  necessary  transverse  modal  field  profiles  and  propagations 
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Figure  3.6  Mount  for  supporting  taper  loops;  the  two  sections  snap  into  place  via  pins, 
shown  on  top  section,  which  is  face  up,  and  a  suitable  cap  (depending  on 
type  of  chemical  interaction  required)  was  placed  over  the  finished  loop. 
Caps  pictured  here  are  Perspex  and  lead.  The  lower  section  of  the  mount  is 
held  in  the  jig  of  Figure  5.  The  mount  is  approximately  15  by  20  mm. 

in  each  waveguide  system  considered.  This  computer  model  produced  the  optical  fields 

depicted  throughout  Chapter  8.  It  is  a  numerical  algorithm  based  on  the  Strum  sequence'^’: 

the  sequence  determines  the  minor  determinants  of  the  eigenvalue  matrix,  and  then  converges 

on  the  modal  propagation  constants  of  the  pre-specified  modes  of  the  fibre.  The  propagation 

constants  then  determined  the  modal  field  profiles  of  the  waveguide. 

3.4  Conclusions 

The  components  described  in  this  chapter  are  the  foundations  of  all  experimentation  described 
in  Chapters  5  through  9.  Although  all  the  equipment  was  ‘hand  made’,  the  criteria  for  selecting 
suitable  optical  components  (i.e.,  low  loss  and  acceptable  configuration)  allowed  a  known 
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baseline  of  perforraance  to  be  established  from  which  experimental  success  (or  failure)  could 
be  judged.  The  characteristics  of  the  optical  field,  especially  the  evanescent  field,  are 
discussed  in  Chapter  4,  as  this  is  another  fundamental  component  of  the  experimental  work. 


30 


Chapter  4 


Applications  of  the  Evanescent  Field  in 
Optical  Fibre  Sensing 

Summary 

This  chapter  contains  the  theoretical  building  blocks  for  the  description  of  light 
propagation  in  fibres,  as  used  for  this  research.  The  single  mode  fibres,  used  in 
all  the  experimental  work,  are  treated  by  solving  a  boundary  value  problem  while 
multimode  fibres  (frequently  used  in  sensors  decribed  in  the  literature)  apply  ray 
optics  approximations.  The  evanescent  field,  which  arises  in  both  treatments,  is 
defined,  and  methods  of  gaining  access  to  it  are  described.  Details  of  adiabatic 
construction  of  the  tapered  single  mode  fibres  are  also  presented.  The  principles 
presented  in  this  chapter  are  applied  to  all  the  theoretical  treatments  of 
experiments  presented  in  later  chapters. _ 

4.0  Optical  fibres 

Optical  fibres  are  made  of  transparent  dielectric  material  which  can  guide  visible  light  (for 
the  purpose  of  this  dissertation)  over  long  distances.  The  refractive  index  profile  for  the  fibres 
used  in  this  research  was  that  of  a  step  index  fibre,  with  a  core  of  higher  refractive  index  than 
the  cladding,  as  depicted  in  Figure  1.  Most  of  the  optical  power  is  confined  to  the  core,  but 
the  evanescent  field,  described  by  modified  Hankel  functions  (K^,  extends  into  the  cladding. 
The  derivation  of  this  field  is  discussed  in  the  next  section. 

4.1  Descriptloii  of  the  fibre 

The  optical  power  in  a  fibre  is  described  in  terms  of  the  fields  of  the  electromagnetic  energy. 
These  are  expressed  as  superpositions  of  simpler  field  configurations,  and  for  guided  modes, 
the  values  of  the  propagation  constants  (p)  must  be  solutions  of  the  eigenvalue  equation 
satisfying  the  requirements  of  Maxwell’s  equations  and  certain  boundary  conditions.  For 
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Figure  4.1  Step-index  optical  fibre:  r  is  the  radial  coordinate,  n(  r)  is  the  index  of 

refractive  distribution,  p  is  the  radius  of  the  fibre,  a  is  the  core  radius,  b  is 
the  cladding  plus  core  radius,  /ly  and  n,  are  the  refractive  indices  of  the 
core  and  cladding  respectively. 

monochromatic  light  fields,  the  time  dependence  of  the  electric  field  is  e'“  ;  the  symmetry 
allows  for  a  simple  dependence  on  the  longitudinal  z-coordinate  e  '^  . 

P  =  propagation  constant  =  nk;  k  =  wave  number  =  ^ 

0)  =  radian  frequency;  X  =  wavelength 


4.1.1  Weakly  guiding  fibres 


In  most  cases,  the  difference  between  the  cladding  and  core  refractive  indices  is  small.  This 
is  expressed  by  A  ,  the  fractional  refractive  index  difference  or  the  profile  height  parameter: 
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Defining  a  modal  cutoff  parameter  V  (also  termed  waveguide  parameter  or  frequency): 
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n  .  =  core  refractive  index 

C  9 

=  cladding  refractive  index 
a  =  core  radius 

=  source  wavelength 

If  the  approximation  is  used,  then  A  is  small,  and  «  2  A 
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Usually,  A  <  1.  The  propagation  constants  for  the  guided  modes  may  be  approximated  by 

ISM). 


It  can  be  shown  that  the  fields  of  the  guided  modes  of  weakly  guiding  fibres  are  very  nearly 
linearily  polarised  and  are  termed  LP  modes''^".  All  the  field  components  can  be  obtained  as 
derivatives  of  one  dominant  transverse  component  of  the  electric  field  vector. 

4.1,2  LP  modes 

LP  modes  are  the  approximate  mode  solutions  when  the  approximation  for  the  propagation 
constant  is  used.  LP  modes  are  valid  locally,  and  are  actually  superpositions  of  exact 
solutions"^".  These  LP  modes  are  useful  because  they  allow  simple  approximate  eigenvalue 
equations  for  the  guided  modes.  Inside  the  core  (r<  a),  is  the  solution  for  the  electric  field: 
where  h  Bessel  function  of  the  first  kind  of  order  v  ;  finite  at  the  origin  . 

Outside  the  core  (r>  a),  "modified"  Hankel  functions,  K^,  are  used’ The  cladding  field 
must  satisfy  the  condition  that  field  amplitudes  tend  to  zero  as  they  extend  to  infinity  and  for 
large  values  of  y  the  modified  Hankel  function  behaves  asymptodcally  like  an  exponentially 
decaying  function. 
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K  *  2  modified  Hankel  function  of  the  first  kind  of  order  v. 

For  large  values  of  y ,  where  y  is  defined  by  y^  =  -  nj  k^ , 

^  (4) 

The  exact  mode  solutions,  even  in  step  index  fibres,  would  have  very  complicated  equations; 
using  the  weakly  guiding  LP  approximation  the  solutions  are  obtained  from  matching 
boundary  conditions  that  require  continuity  of  the  transverse  and  longitudinal  electric  field 
components  at  the  core  boundary. 

4.13  Power  outside  the  core:  the  evanescent  field 

The  power  contained  outside  the  core  decays  exponentially  at  large  distances  from  the 
core-cladding  interface.  Gloge  has  calculated  the  power  in  the  cladding  as  a  function  of 

V,  using  the  ratio: 
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Figure  4.2  Fraction  of  total  available  evanescent  field  power  versus  V  number  { note 
that  the  mode  number  appears  in  circles  on  the  curves) 
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For  sensor  systems  using  the  evanescent  field  as  the  method  of  interaction  with  the  sample 
solution,  modes  with  almost  al!  of  their  power  in  the  cladding  would  be  preferred,  and  selective 
excitation  of  these  modes  is  through  the  use  of  masks  and  mode  strippers  is  often  attempted 
in  multimode  fibre  sensors. 


Fibres  may  be  constructed  to  have  either  one  or  many  modes  at  a  given  wavelength  (multimode 
fibres  referred  to  earlier).  If  only  the  mode  (fundamental  mode  obtained  from  the  exact 
analysis  of  the  fibre)  will  propagate,  then  the  fibre  is  termed  single  moded.  The  cutoff 
conditions  for  these  modes  are  shown  in  Figure  3.  For  multimoded  fibres,  the  number  of 
modes  is  large,  but  finite,  and  approximated  by 


(6) 


Figure  4.3  Plot  of  Bessel  functions  used  for  calculating  cutoff  conditions  ofLPQ,„  and 

LP I  „  modes. 
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4.2  Multimode  fibres  and  ray  optics 


An  altemadve  method  for  analysing  optical  fibres,  particularly  multimode  fibres,  is  that  of 
ray  optics  (Figure  4)““*.  The  ray  picture  is  valid  when  the  number  of  modes  in  a  fibre  is  large 
(compared  to  one).  The  guided  mode  is  described  as  a  guided  ray,  which  is  totally  internally 
reflected  at  the  core-cladding  interface. 


. . 
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Figure  4.4  Geometric  ( ray)  description  of  optical  fibre 


4.2.1  Total  internal  reflection 

Snell’s  law  states: 


sin  9,  /t,  n, 

sin  9,  n,  ^  7j 

for  an  obliquely  incident  wave  upon  a  boundary  going  from  a  denser  medium  of  refractive 
index  n,  ,  to  an  optically  rarer  medium  of  refractive  index  [i.e.,  n,  >  n, ). 

For  >  /ij ,  as  9^  increases,  an  angle  of  9^  is  reached  where  9,  =  or 
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sin 


(8) 


When  ®  2  ~  "2  •  propagating  wave  in  medium  2  and  the  wave  will  be  "totally 

internally  reflected"  in  medium  I. 


Figure  4.5  Total  internal  reflection:  a)  oblique  incidence;  h)  at  the  critical  angle, 
where  the  light  is  totally  internally  reflected 


F*  •  cf ;  I  &  y 

j  r  'e' 


(9) 


Defining  a  and  P: 


(10) 


and  3  =  t,  —  sin  9  ,  =  o)  Vu  e, 

*  rf  I  o  2 


V  V 


sin  9, 


(in 
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The  "evanescent"  wave  has  an  attenualion  constant  a  in  medium  2.  P  Ls  a  phase  propagation 
constant  A  "penetration  depth"  is  often  defined  which  describes  the  distance  travelled  for  a 
given  reduction  in  E  (sometimes  taken  to  be  90%,  or  f  -  63%).  As  an  example,  for  the 

electric  field  amplitude  to  fall  to  j  of  its  initial  value.  ( at  the  interface). 


The  magnitude  is  given  by 

d 

p 

(/3) 

Further,  the  quantity  of  evanescent  power  which  is  available  within  this  depth  is  important. 
Various  techniques  have  evol  ved  to  gain  access  to  the  evanescent  field  power  in  an  optical 
fibre, 

4J  Access  to  the  evanescent  field 

In  general,  exposure  of  the  evanescent  field  involves  removal  of  the  cladding  of  the  nhre. 
Three  methods  of  doing  this  are  etching,  polishing  or  tapering  the  optical  fibre,  as  depicted 
schemaucally  in  Figure  6. 

Etching  relies  on  a  glass  solvent,  such  as  hydrofluoric  acid,  to  dissolve  or  etch  away  the 
cladding’’"*.  As  the  cladding  is  removr'd  concenuically  from  the  fibre,  an  inca'a-sing  fraction 
of  the  mixlal  evane.scent  field  will  be  cxp<^sed.  These  devices  are  typically  delicate, 
non-ruggedised  components’^’^'".  Etching  caases  an  abrupt  profile  to  be  presented  to  the 
modal  fields,  and  will  not  maintain  the  distribution  of  power  amongst  the  fibre  guided  fibre 
mtxJes.  Some  of  the  power  will  be  coupled  into  radiative  mtxlcs.and  thus  repre.sent  an  overall 
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Figure  4.6 


Depictions  of  methods  of  gaining  access  to  the  evanescent  field 


loss  to  the  power  within  the  fibre.  Even  with  the  most  careful  etching,  at  most  60-80%  of 
the  evanescent  field  can  be  exposed  to  the  external  solution. 

Polishing  is  similar  in  a  number  of  respects  to  etching,  but  removes  only  (up  to)  one  half  of 
the  cladding,  forming  a  D-profile,  until  the  con;  is  almost  exposed"*’'***^*'.  These  devices 
car.  be  made  adiabatically  (without  power  loss)  as  long  as  longitudinal  changes  are  made 
gradually,  and  the  optical  surfaces  are  made  optically  smooth’**’.  A  mxximum  of  about  20% 
(due  to  xsymmetry  and  refractive  index  .sensitivity)  of  the  modal  evanescent  field  can  be 
exposed  to  the  surrounding  media. 

The  third  and  most  important  technique  for  exposing  the  evane.scent  field  involves  tapering 
the  fibre  over  an  arc  or  flame’.  The  tapering  makes  the  core  diameter  and  the  Uxtalised  V 
value  so  small  that  the  field(s)  extend  greatly  into  the  taper  region,  to  the  point  that  potentially 
all  the  evanescent  field  can  interact  with  the  outside  material.  The.se  devices  can  be  readily 
manufactured  with  low  loss  (0.1  dB)”. 
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4.4  The  adiabatic  taper 


In  the  course  of  tapering,  the  field  within  the  fibre  becomes  less  confined  to  the  core  and 
gradually  spreads  out  into  the  cladding.  The  field  is  guided  by  a  combination  of 
core-cladding-extemal  refractive  index  and,  at  the  taper  waist,  finally  only  by  the  cladding 
and  the  external  medium.  As  the  radius  of  the  fibre  changes,  coupling  of  the  energy  in  the 
LPg,  mode  may  occur  to  the  higher  order  modes.  These  are  lossy  modes  for  the  taper. 
In  an  adiabatic  tapered  fibre,  negligible  transmission  losses  (O.l  dB  or  less)  occur  during  the 
tapering  process.  For  tapered  fibres  to  be  suitably  adiabatic,  their  longitudinal  refractive 
index  profiles  must  change  with  sufficiently  small  taper  angle  fl  (  2  )  (between  the  tangent 
to  the  core-cladding  interface  and  the  fibre  axis  and  the  local  core  radius  p  (  z  ))  to  prevent 
lossy  coupling  into  radiative  modes'*^’***”’**'.  This  is  shown  in  Figure  7. 


Figure  4.7  Length  scale  for  adiabatic  taper 


=  distance  from  the  origin  of  p  to  origin  of  cone  with  half-angle  Q. 

P 

fl  <  1,  in  practice,  and  thus  ^  *  q- 
The  radius  along  a  taper  changes  as 


p  {  z  )  =  /?,  exp 


N 

/ 


fibre  radius 
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Low  losses  result  when  the  taper  profile  does  not  change  abruptly  and  the  slope  of  the  taper 
is  far  smaller  than  the  normalised  beat  length , — ,  no  coupling  will  occur.  The  smallest  inverse 
beat  length  will  be  above  the  slope  of  the  taper  (this  will  be  seen  again  in  Chapter  8). 

4^  Applications  of  tapered  single  mode  fibres  as  evanescent  sensors 

Having  now  selected  an  optimal  method  of  obtaining  access  to  an  optical  fibre’s  evanescent 
field  power,  it  is  necessary  to  develop  several  sensor  configurations  to  compare  tlie  actual 
performance  of  our  devices  with  that  reported  in  the  literature  using  different  techniques.  For 
chemical  sensing,  the  light  in  the  evanescent  field  may  be  attenuated  by  the  external  media 
(absorption-based  sensing)  or  light  generated  external  to  the  fibre  (near  the  surface)  may  be 
captured  by  the  evanescent  field  and  transferred  to  the  fibre’s  guided  mode  (fluorescent  or 
luminescent  based  sensing).  As  with  most  systems,  problems  are  often  found  putting  into 
practise  what  seems  an  improvement  in  theory.  Many  of  the  optical  finre  sensors  reported  by 
other  researchers  have  had  their  share  of  both  successes  and  failure.?.  The  tapered  single  mode 
fibre  was  examined  for  its  potential  as  an  evanescent  field  chemical  sensor  by  measuring  its 
performance  in  detecting  absorption  changes  and  capturing  induced  fluore.scence.  The 
behaviour  of  the  waveguide  wis  assessed  in  each  case  by  resorting  back  to  LP  mode  theory. 
Once  this  baseline  had  been  accomplished,  more  complicated  systems  were  assayed.  Before 
describing  this,  however,  it  is  neces.«ary  to  review  some  of  the  earliest  efforts  to  use  optical 
fibres  as  senson  to  compare  the  tapered  single  mode  fibre’s  effectiveness  as  a  new  and 
improved  platform  for  a  sensor  system.  This  will  be  accomplished  by  examining 
absorption-based  sensing  with  optical  fibres  in  some  detail  in  Chapter  .'i. 
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Chapter  5 


Absorption-based  evanescent 
fleld  optical  fibre  sensors 


Summary 

A  potentially  elegant  method  of  applying  internal  reflectim  techniques  to  optical 
fibres  would  make  use  of  the  evanescent  fields  of  the  guided  modes.  Difficulties 
in  implementing  this  in  a  satisfactory  manner  has  led  investigators  to  use  optical 
fibres  primarily  for  their  light  carrying  capability,  and  have  merely  substituted 
photons  for  electrons  in  analysis  of  the  analyte.  The  inidal  absorption-based 
optical  fibre  sensors,  and  the  subsequent  efforts  to  apply  evanescent  absorption 
to  optical  fibres  are  discussed.  Lastly,  the  promise  of  the  tapered  mode  single 
mode  fibre  as  an  evanescent  absorption  sensor  is  explored,  experimentally  and 
theoreticallv. 


5.0  Absorptiun-based  fibre  sensors:  initial  efforts 

The  earliest  efforts  to  exploit  the  potential  of  optical  fibres  for  optical  chemical  sensing  relied 
on  the  absorbance  characteristics  of  a  chemical  system  and  the  capability  of  optical  fibres  to 
carry  light  to  and  from  the  sensing  ^egion^  Absorption  coefficients,  based  on  Beer’s  Law, 
were  well-known  for  many  compounds  (and  elements)  of  interest 

Beer’s  law  describes  the  attenuation  of  a  beam  of  light  as  it  passes  through  a  solution  of  an 
absorbing  chemical  species.  For  many  species  it  is  found  that  the  optical  power  after 
passing  through  a  length  I  of  solution  (of  uniform  concentration)  is  given  by 


t  1 16,17,18, 22,26,32, 33.3.V60.73.92.103, 120,147,148, 169, 172.I73.183.243J70,27X:99.30<i,.^l  1,313.403,430, 
431,432,444,44.6] 
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where  c  is  the  molar  concentration  of  the  solution  and  e  is  the  molar  absorption  coefficient. 
Equation  1  may  be  rewritten  as  the  more  familiar 

Po..  =  Pi.  (2) 

where  the  absorption  coefficient  a  is  given  by 

_  E  c 

~  Jog  10 (2a) 

Equation  2  is  the  exponential  absorption  law  for  a  bulk  material,  with  a  proportional  to  the 
concentration  of  the  absorbing  compound.  For  those  materials  not  obeying  Beer’s  law,  a 
more  complex  absorption/concentration  calibration  curve  must  be  derived. 

An  absorption-based  optical  fibre  system  was  devised  in  the  1960’s  for  detection  of  oxygen 
in  the  blood'”*'.  This  required  the  development  of  an  absorbance  spec"um  based  on 
concentration  because  Beer’s  law  does  not  apply  to  blood.  Although  many  other  fibre  sensors 
have  been  developed  since  then,  many  suffer  from  the  same  problems  of  this  first  attempt: 
low  sensitivity  when  compared  to  other  technological  methods  and  insufficient  specificity. 
Most  work  has  focussed  on  the  use  of  multimode  fibres  as  a  type  of  light  pipe  -  that  is,  a  means 
of  transmitting  light  from  one  point  to  another  (shown  in  Figure  1),  rather  than  utilising  the 
convenient  properties  of  the  evanescent  wave. 


Adjacant  Bifurcated 


Figure  5,1  Extrinsic  "lightpipe"  sensor  arrangements  (abridged from  Appendix  I) 
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Kapany’s  work  in  1964“"'  used  an  optical  fibre  device  as  an  in  vivo  oximeter.  It  was  designed 
to  measure  the  oxygen  saturation  in  the  blood,  to  replace  an  off-line  sampling  system.  The 
system  was  based  on  the  detection  at  two  wavelengths  of  back-scattered  light  from  the  blood 
cells:  one  fibre  conducted  light  to  the  sample,  and  another  collected  it  and  guided  it  through 
I  a  filter  to  a  photo  detector.  The  investigators  found  some  difficulties  in  interpreting  their 

results,  as  blood  is  a  complex  medium  to  analyse  optically  because  it  does  not  adhere  to  Beer’s 
Law,  the  flow  velocity  alters  some  of  the  detected  optical  properties,  and  so  forth.  The 
conclusions  of  this  study  were  simply  that  optical  fibres  can  be  a  useful  research  and  clinical 
tool  as  they  permit  sampling  of  specimens  in  remote  locations  and  in  the  dynamic  state. 

Nearly  thirty  years  later,  advances  have  been  made,  with  the  development  of  smaller  optical 
fibres,  and  more  sophisticated  techniques  to  interpret  absorptive  data.  A  commercialised  bile 
monitor'^’**'  system  is  being  developed  and  placed  on  the  market  The  bile  sensor  can  monitor 
the  level  of  bilirubin  (a  major  disease  causing  compound  in  the  stomach)  in  bile  which  has  an 
absorption  peak  at  452  nm"”  '**^**'.  There  is  no  absorption  above  750  nm,  allowing  for  a 
simple  differential  absorpuon  scheme  to  be  carried  out  This  device,  though  marketed,  is 
optically  clumsy,  as  a  bundle  of  fibres  brings  the  light  to  the  sample,  and  another  bundle  brings 
the  light  to  the  detector.  The  biggest  stumbling  block  to  overcome  with  this  type  of  set-up  is 
the  typically  low  signal  losses  received  in  such  a  scheme.  A  more  elegant  technique  would 
involve  evanescent  absorption  detection,  and  would  enhance  the  sensitivity  of  such  a  device, 
since  the  portion  of  light  from  the  optical  fibre  interacting  with  the  sample  remains  guided  by 
the  waveguide. 

Researchers  have  been  actively  pursuing  development  of  an  all-fibre  evanescent  spectroscopic 
probe^ .  Approaches  which  remove  the  cladding  through  etching  or  polishing  typically  result 
in  a  fragile  optical  element  that  is  susceptible  to  chemical  attack  and  fouling.  For  analytes 
that  are  solvents,  a  polymer  clad  fibre  can  be  used,  as  the  polymer  acts  as  a  diffusion 
membrane.  In  one  such  system'"”'  a  dye  had  to  be  added  to  the  sample,  and  the  multimode 
fibre  was  tightly  coiled  about  a  mandrel  before  insertion  into  the  sample  solution.  Beer’s  Law 
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was  not  completely  obeyed  for  the  chemical  system,  despite  the  fact  that  bulk 
spectrophotometric  tests  showed  that  the  dye  itself  obeyed  Beer’s  law.  DeGrandpre  et  al““*’ 
pointed  out  that  the  assumption  of  equal  power  distribution  amongst  fibre  modes  made  for 
analysing  the  absorption  of  the  evanescent  fields  of  all  the  fibre  modes  could  not  be  valid. 

Further  work  involved  examining  the  evanescent  absorption  behaviour  for  unclad 
fibres*^^''^^^’^^^'.  Simple  straight  line  adherence  to  Beer’s  Law  was  not  found.  The  analysis 
of  these  results  caused  the  researcheis  to  conclude  that  surface  adsorption  effects  existed  due 
to  the  electrostatic  interactions  between  the  polar  silica  surface  and  the  ionic  solution 
(DeBye-Huckel  interactions'^^^'  ),  and  interfere  with  evanescent  absorption.  This 
phenomenon  was  considered  to  be  irreversible  and  a  fundamental  fibre  limitation  for 
evanescent  absorption  devices. 

5.1  Absorption>based  evanescent  field  fibre  sensor  modal  behaviour 

Some  researchers*”'”*"""  examining  the  interaction  between  the  evanescent  field  of  the  fibre 
modes  and  the  surrounding  medium  (usually  a  solution)  have  reported  successful  use  of  Beer’s 
Law  to  interpret  their  absorbance  data.  In  this  case,  the  concentration  of  the  analyte  is  then 
simply  related  to  the  measured  optical  attenuation  along  the  fibre’s  sensing  region.  Polished 
multimode  fibres  were  often  used:  the  distribution  of  optical  power  amongst  these  modes  is 
critical  to  overall  sensitivity.  It  is  not  trivial  to  launch  light  into  a  given  distribution  of  modes 
or  a  specific,  higher  order  mode.  Various  configurations  have  been  tried,  as  depicted  in  Figure 
2.  Although  the  initial  distribution  launched  into  the  multimode  fibre  is  not  maintained  along 
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Mask  Off-axis:  near  core  to 

transverse  illumination 

Figure  5.2  Selective  launch  methods  in  multimode  fibre  to  access  higher  order  modes 
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the  length  of  the  fibre,  selectively  exciting  higher  order  modes  with  a  higher  proportion  of 
energy  in  the  evanescent  field  could  improve  sensitivity.  Another  option  is  to  uniformally 
excite  all  possible  modes  in  the  fibre  at  once  and  have  a  uniform  distribution  of  optical  power 
throughout  the  whole  of  the  fibre,  including  the  seasing  region.  Knowing  the  power 
distribution  amongst  the  modes  of  the  fibre  at  the  point  of  sensing  allows  Beer’s  Law  to  be 
applied. 

Forfibres  interacting  with  the  evanescent  field,  aslightmodification  of  Equation  2  is  necessary 
to  account  for  all  the  modes  absorbed  by  the  medium.  For  a  single  mode  fibre  with  just  one 
mode  to  be  absorbed.  Beer’s  law  still  holds,  and  no  modification  beyond  accounting  for  the 
fraction  of  power  of  the  fibre  contained  within  the  evanescent  wave  need  be  made’^**',  as 
expressed  in  Equation  3.  However,  in  the  case  of  a  multimode  fibre,  it  has  been  argued  that 
this  will  also  be  the  case  if  a  uniform  distribution  of  modes  is  present,  and  that  q  will  account 
for  the  total  fraction  of  power  in  the  evanescent  fields  of  all  the  fibre  modes  launched. 

Pou.  =  P,»  exp(-aq/)  (j) 

where  q  is  the  fraction  of  power  in  the  evanescent  field(s) 

For  a  uniform  distribution  of  power  among  the  fibre  modes,  an  expression  for  q  has  been 
derived  by  Gloge'“": 


4 

3  V 


(4) 


where  V  is  the  waveguide  parameter. 


V  = 


NA. 


5.2  Apparent  limitations  of  fibres  as  evanescent  absorption  sensors 


There  have  been  significant  deviations  from  measured  absorbance  (  log^-p^  )  using 
multimode  fibres  and  the  predictions  of  Equations  3  and  4.  The  actual  absorbance  was 


46 


consistently  less  than  that  predicted  and  seemed  often  to  have  a  nonlinear  variation  with 
concentration  (unlike  what  Beer’s  law  would  predict)"**^^^^'.  The  fundamental  utility  of 
fibres  as  evanescent  absorption  sensors  was  called  into  question.  This  limitation  was  seen 
as  a  fundamental  basis  for  discontinuing  efforts  in  this  area  beyond  very  specialised 
applications. 

The  inherent  question  of  determining  whether  this  non-Beer’s  Law-type  behaviour  was 
caused  by  fibre  characteristics  or  modal  characteristics  had  to  be  resolved.  The  validity  of 
Equations  3  and  4  can  be  questioned  if  it  is  seen  as  the  consequence  of  the  assumptions  of 
equal  distribution  of  power  amongst  the  different  modes  of  the  waveguide’^".  This  is  not  the 
case  when  the  cladding  has  been  removed  and  a  solution  with  a  refractive  i  ndex  quite  different 
from  that  of  the  core  placed  in  contact  with  the  fibre.  Modes  that  were  weakly  guided  enter 
a  region  where  they  are  now  much  more  strongly  guided  by  the  core.  Only  a  few  possible 
bound  modes  are  now  propagadng  in  the  sensing  region,  and  the  overall  distribution  of  modes 
is  not  uniform.  An  effective  attenuation  coefficient  for  a  polished  multimode  evanescent 
absorption  sensor  has  been  derived’^^”,  though  this  seems  again  to  be  an  upper  limit  (rather 
than  a  specific  dependence  on  concentration)  for  possible  absorption.  Equation  4  may  be 
3 

valid  (with  V  >  —  )  in  a  fibre  propagating  only  one  mode  or  by  continuous  coupling  between 

all  the  modes  of  a  multimode  fibre.  In  general,  however,  each  mode  of  the  initially  uniform 
distribution  has  a  different  profile  and  extent  of  penetration  for  its  own  evanescent  field  and 
so  experiences  a  different  attenuation  throughout  the  sensing  region,  thus  causing  the 
distribution  of  modes  to  become  non-uniform.  The  trueresponseof  such  a  sensor  will  deviate 
from  that  predicted  from  Equation  4,  which  now  can  be  seen  as  an  upper  limit  or  (realistically) 
an  ovenestimate.  A  careful  examination  of  the  total  absorption  experienced  by  the  fibre  mtxies 
will  help  determine  if  modal  characteristics  limit  the  use  of  multimode  fibres  as  eva.nesccnt 
absorption  sensors,  or  if  fibres  themselves  have  inherent  limitations. 
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5.3  Analysis  of  absorption  of  fibre  modes  in  the  sensing  region 


Using  an  unclad  multimode  fibre  of  refractive  index  n,  and  core  radius  p  immersed  in  an 
absorbing  medium  of  lower  refractive  index  n^  and  absorpdon  coefficient  a,  the  total  number 
of  modes  present  can  be  derived  by  starting  from  the  following  equation; 


N  » 


2 


(5) 


This  expression  for  N  is  valid  for  large  V  xnd  counts  all  possible  polarisation  states  of  the 
optical  field*'^". 

Defining Y  =  ctl  = 


For  the  large  V  values  of  multimode  fibres,  a  function  of  one  variable,  y  ,  representing 
absorbance,  can  be  asymptotically  simplified  to'*”’: 


/(Y) 


(6) 


Plotting  the  fibre  absorbance  as  a  function  of  y  from  Equation  6  and  comparing  it  to  Beer’s 
Law,  as  shown  in  Figure  3,  and  data  extracted  from  a  multimode  fibre-based  evanescent 
absorption  sensor  reported  by  DeGrandprc  and  Burgess"”',  it  can  be  seen  that  Beer’s  Law 
will  over-estimate  the  absorbency  considerably.  Further,  the  experimental  data  deviating 
from  the  prediction  of  Equation  6  makes  clear  the  difficulty  of  using  multimode  fibres  as 
evanescent  absorption  sensors,  as  it  would  seem  that  not  all  modes  had  been  completely 
excited.  This  is  to  be  expected  practically. 

If  a  restricted  range  of  mtxles  is  launched  into  a  fibre'**",  as  depicted  in  Figure  4,  then  the 
number  of  modes  excited  within  the  fibre  is 
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Figure  S3  Fibre  absorbance  as  a  function  ofy  (a);  Beer's  law  (b);  and  data  from  an 
evanescent  absorption  sensor 


-n. 


and  this  N  ^  can  be  used  to  calculate  the  expected  attenuation. 


(7) 


The  modified  Beer’s  Law  will  be  valid  if  the  fibre  is  forced  to  maintain  a  uniform  modal 
distribution  along  the  interaction  length,  along  a  relatively  long  interaction  length.  In  the  case 
of  a  single  mode  fibre,  this  modified  Beer’s  Law  should  always  be  obeyed.  An  experiment 
was  designed  to  verify  that  this  is  the  case. 


Figure  5.4  Restricted  range  of  modes 
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5.4  Demonstration  of  an  optimised  evanescent  field  optical  fibre 
absorption  sensor 

An  adiabatically  tapered  single-mode  fibre  was  exposed  to  solutions  of  a  dye  known  to 
conform  to  Beer’s  Law.  It  was  expected  that  the  absorption  through  the  tapered  region  will 
be  described  by  the  modified  Beer’s  Law  of  Equation  3,  as  there  is  just  one  mode  in  the  sensing 
region.  Further,  an  absorption  based  assay  for  calcium  ions  in  solution  was  performed  as  a 
demonstration  of  the  tapered  fibre  as  a  practical  sensor. 

The  tapers  were  fabricated  by  placing  a  section  of  the  single  mode  fibre  over  a  stationary 
flame  and  melted  whils"  being  gradually  stretched.  The  speed  of  the  process  is  chosen  to  be 
slow  enough  to  obey  the  slowness  criteria  established  in  Chapter  4.  The  fundamental  fibre 
mode  that  entered  the  tapered  region  does  ’’ot  couple  to  either  claddirg  or  radiation  modes. 
The  rverall  transmission  loss  across  the  taper  was  of  the  order  0. 1  dB  or  less  for  all  tapers 
used  in  this  demonstration.  Very  small  diameter  tapers  were  constructed,  with  a  waist 
diameter  of  approximately  one  micron.  This  ensured  that  the  core  played  no  significant 
contribudon  to  the  waveguiding  in  the  tapered  (interacUon)  region.  The  evanescent  field 
extends  into  the  medium  surrounding  the  cladding  at  the  taper  waist,  where  a  new  effective 
waveguide  is  formed  consisting  predominantly  of  the  fibre  cladding  and  the  external 
soludon. 


5.4.1  Materials  for  initial  absorption  scheme  and  calcium  ion  assay 

Methylene  Blue  (Aldrich)  was  used  in  the  initial  absorpdon  scheme  to  confirm  Beer’s  Law. 
The  calcium  assay  used  calcium  acetate  (Sigma)  and  Calmagite  (l-(l-hyd.roxyl-4-methyl- 
2-pheny!a2o)-2-naphthol-  ^  ulphonic  acid)  (Sigma),  and  a  0. 1  M  borate  buffer  pH=10 
(Fisons). 

The  single  mode  silica  optical  fibre  used  for  the  basis  of  the  sensor,  SM-450.  was  supplied 
by  York  Technology  and  had  a  numerical  aperture  of  0.18.  A  tungsten  white  light  source  was 
used  for  the  bulk  absorpdon  measurements  with  Methylene  Blue,  and  a  red  HeNe  laser 
(wavelength  632.8  nm)  for  comparable  taper  absorption  measurements.  The  Calmagite 
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solutions  were  illuminated  with  the  514.5  nm  line  of  an  air-cooled  argon-ion  laser 
(Oranichrome).  The  optical  detection  system  used  in  all  the  measurements  consisted  of  a 
large  area  photo  diode  (RS  Compotients,  data  sheet  12508)  and  a  lock-in  amplifier  (Stanford 
Research  Systems,  model  SR510)  linked  to  a  personal  computer  via  an  analogue  to  digital 
acquisition  card  (PC  LahCard). 

5.4,2  Evanescent  absorption  experiment  and  results 

The  absorption  characteristics  of  the  tapered  single  mode  fibre  were  first  measured  using 
aqueous  solutions  of  Methylene  Blue,  concentrations  ranging  from 
5xl0“*M  to  2xl0'^M.  Comparative  spectrophotometric  data  were  taken  with 
solutions  in  a  dye  cell  one  millimeter  thick.  The  experimental  setups  for  these  measurements 
are  shown  in  Figure  5. 


Figure  5.5  Apparatus  usfdfor  absorption  mrasurrments.  The  absorption  spectra  of 
the  Methylene  Blue  through  the  dye  cell  and  across  the  mriunted  taper  vi  ere 
made  with  a  white  liitht  source  and  a  monochromator.  The  variation  of 
absorption  with  dye  concentration  for  the  taper  was  made  a  fixed 
wavelength  using  a  HeNe  laser  (632. H  nm)  and  with  the  monochromator 
removed.  PD  =  photo  diode,  L  =  lens,  C  =  optical  chopper. 


The  absorbance  levels  for  the  visible  spectrum  were  taken,  with  an  absorption  peak  found  at 
664  nm  for  both  the  tapered  fibre  and  the  dye  cell.  Figure  6  shows  absorption  levels,  with  the 
reduced  absorption  for  the  tapered  fibre  due  to  the  relatively  low  refractive  index  of  the 
solution  (n=1.33);  which  caused  little  of  the  evanescent  field  to  be  available  for  interaction 
with  the  external  solution.  After  exposure  of  the  tapered  fibre  to  each  concentration  level,  the 
taper  was  cleaned  with  deionised  water  until  the  baseline  spectrum  of  water  was  once  again 
obtained.  This  ensured  that  no  dye  was  adsorbed  to  the  surface  of  the  taper. 

A  better  light  source  for  the  fibre,  a  He-Ne  laser,  with  transmission  at  632.8  nm,  was  used  to 
measure  evane.scent  absorption  levels  more  accurately  through  the  concentration  range.  The 
data  were  analysed  with  a  least-squares  regression  fit  for  a  linear  and  a  square  root 
dependence''*'^'  on  concentration.  The  chi-squares  of  the  two  hypotheses  made  the  choice 
between  the  two  alternatives  quite  clear,  as  seen  in  Table  1. 


Evanescent  obsorption 

Methylene  blue  obsorption:  dye  cell  ond  fibre  taper 


Figure  5.6  Mifthylene  blue  ohsorptivn  ipfctra:  dye  cell  and  fibre  taper  evane'U'ent 
measurements  (note  that  the  index  of  refraction  is  approximatelv  /.J2 1 


Test 

Linear 

0.32 

Square  root 

4 

Table  5.1  Comparison  of  likelihood  of  distribution  for  evanescent  absorption  methods. 


A  linear  fit,  shown  in  Figure  7,  was  confirmed  as  most  appropriate  for  the  data,  indicating 
that  the  evanescent  absorption  of  the  taper  followed  Beer’s  Law  with  little  measurable 
deviation.  Adsorption  effecLs  can  also  be  seen  at  low  concentrations. 
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Figure  5.7 


5.43  Calcium  ion  a.5say  based  on  evanescent  absorption 

The  detection  ofcalcium,  as  well  as  magnesium,  ions  is  currently  performed  in  clinical  assays\ 
which  typically  require  the  preparation  of  standards  and  numerous  dilutions.  The  use  of 
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fluorescent  or  absorption  based  optical  sensors  for  analysis  of  such  ions  is  of  interest  due  to 
the  potential  for  real-time  results**''^*”’*”.  Calcium  ions  levels  were  determined  optically 
in  this  experiment  through  the  use  of  an  indicator,  Calmagite*”^'.  Calmagite  functions  as 
a  typical  acid-base  indicator,  with  different  colours  corresponding  to  different  levels  of  pH. 
This  indicator  conforms  to  Beer’s  Law*“'.  If  Calmagite  is  placed  in  an  alkaline  (in  this  case 
prl  of  10)  bufl'er,  the  typically  blue  colour  is  changed  gradually  to  red  by  the  addition  of  either 
magnesium  or  calcium'™'.  The  absorption  maximum  of  Calmagite  solutions  inaO.I  M  borate 
buffer  pH=10  was  found  to  be  523  nra.  The  5 14.5  nm  line  of  an  argon-ion  laser  was  used  as 
the  source  for  the  tapered  fibre  dye  cell  containing  Calmagite  solutions  throughout  the  calcium 
assay.  All  calcium  detection  with  the  tapered  fibre  was  performed  without  altering  the 
refractive  index  of  tlie  sample  solution.  Initial  efforts  to  index  match  the  solution  to  the 
cladding  refractive  index  were  hampered  by  poor  miscibility  of  high  refractive  index  solutions 
such  as  benzyl  alcohol.  A  concentfation  range,  derived  from  calcium  acetate,  from  40  |im 
to  5  mM  was  tested.  As  with  the  Methylene  Blue  measurements,  after  each  sample  exposure 
the  tapered  fibre  was  rinsed  with  deionised  water  to  ensure  no  adsorption  had  occurred.  The 
optimised  experimental  configuration  for  evanescent  absorption-ha.sed  tapered  fibre 
measurements  is  shown  in  Figure  8.  A  fused  fibre  coupler,  with  the  power  split  between  the 


Lock-in 

amnlifier 


Figure  5.8  Optimised  set-up  far  evanescent  absorption  Ca*^  detection  based  on 

Calmaj^ite.Both  lock-in  amplifiers  were  triggered  from  the  optical  chopper. 
FFC-  fused  fibre  coupler,  SMF  =  single  mode  fibre,  PD  =  photo  diode,  L= 
lens,  C  =  optical  chopper. 


two  output  arms  in  the  ratio  55/45  (the  value  of  the  ratio  was  experimentally  arbitrary),  was 
constructed  to  monitor  input  power  from  the  laser  simultaneously  with  output  power.  This 
allowed  the  laser  power  fluctuations  to  be  extracted  from  the  received  attenuation  data  at  the 
far  end  of  the  optical  fibre.  Once  again,  a  linear  least-squares  analysis  was  performed  on  the 
absorption  data  to  confirm  that  the  sensor  system  had  the  expected  linear  (rather  than  square 
root  dependence)  response.  Figure  9,  predicted  by  Beer’s  Law  (with  an  r  ^  of  0.98).  Nou, 
tidsorplion  may  still  dominate  at  lower  concentrations. 


Concentrotion,  mM,  Colcium 


Figure  5.9  Evanescent  absorption  ofCalmagite  with  increasing  concentration  ofCa** 
ions  in  solution:  index  of  refraction  of  1.32. 


5.5  Conclusions 

The  single-mode  fibre  evanescent  absorption  sensor  is  free  from  some  of  the  difficulties  facing 
multimode  systems'^’^l  A  Beer’s  law-type  response  is  found  (e.g.,  linear  concentration 
variation  with  absorbance)  in  single  mode  adiabatically  tapered  fibres  but  not  generally  in 
multimode  fibre  systems.  However,  although  the  tapered  single  mode  fibre  system  did 
measure  calcium  ion  concentrations,  the  sample,s  had  to  be  pre-treated  before  analysis  could 
take  place,  and  treatment  to  minimi.se  adsorption  effects  would  have  to  be  considered.  Further, 
a  specific  absorption  indicator  for  the  analyte  in  question  had  to  be  .selected,  which  may  not 
be  readily  available  for  every  chemical  detection  scheme  desired. 
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A  potentially  more  useful  design  would  use  lluorescent  fight,  which  would  allow  the 
separation  of  the  source  light  in  a  simplistic  manner.  Fluorophore-based  systems  can  use  a 
secondary  reaction  to  detect  a  range  of  analytes  in  a  manner  that  is  not  specific  to  the  analyte 
(e.g.,  the  chemical  reaction  of  the  analyte  with  a  compound  labelled  with  a  fluorophore 
releases  an  acid,  thereby  quenching  the  fluorescence).  Fluorescent  systems  are  examined  in 
Chapter  6.  Further,  it  is  highly  desirable  that  the  indicator  portion  of  the  detection  system  be 
an  inherent  portion  of  the  optical  fibre.  Immobilisation  schemes  have  been  well 
documented'“’“'  and  are  explored  in  Chapter  7. 
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Chapter  6 


Chemical  sensing  with  fluorophores 
and  tapered  single  mode  fibres 


Summary 

This  chapter  discusses  the  capture  of  light  generated  by  fluorophores  by  optical 
fibres.  The  general  properties  of  fluorophores  are  reviewed  A  method  for 
assessing  the  expected  amount  of  fluorescent  energy  by  optical  fibres  is  derived 
A  simple  fluorescent  capture  experiment,  based  on  a  pH  indicator  dye, 
fluorescein,  in  solution  about  a  tapered  optical  fibre  is  performed  The  level  of 
fluorescent  energy  captured  experimentally  is  compared  to  that  predicted  by 
theory,  and  the  performance  of  the  tapered  smgle  mode  fibre  is  assessed. 


6.0  Fluorescent  evanescent  wave  sensors 

Many  researchers*  have  developed  chemical  sensors  based  on  capture  of  a  fluorescent  signal 
into  an  optical  fibre.  A  change  in  the  light  signal  output  at  a  longer  wavelength  than  the  source 
wavelength  is  captured  back  into  the  fibre  core  and  detected,  usually  at  the  far  end  of  the  fibre, 
though  some  sensors  rely  on  the  detection  of  backscattered  fluorescence  (i.e.,  fluorescence 
returned  to  the  pump  end  of  the  fibre)'**'.  In  some  devices,  the  dye  is  bound  in  the  cladding 
surrounding  the  fibre  and  is  excited  optically**. 

In  order  to  develop  an  optical  fluorescent  sensor,  the  fluorescent  indicator  and  the  solution 
of  interest  are  exposed  to  the  evanescent  field.  This  external  optical  power  can  excite 
molecules  of  the  fluorescent  indicator  sufficiently  near  enough  to  the  waveguide.  Their 


.J.  |3,*,n.l«,lUl.n«,44.*7.74.U.r7.IO*.lll.l2l.l23.IJO.IJ3.U4,IM,|74,I!’l.IH.l*<  201.20121  UI4.2IS,II),ZI7.1M,24l.:i<i.aiJllt 
205007  J0aj05JO7J|4Jl»J2*JI7J2»J27JWJ25JJ«JJ»J4<M7J5UJ7J«J«Jt.<J»tJ«7JWJ»IJ»2J»JJ  94.402. 404.407. 117, 
4100 1», 428.42 1022o23,424,42S.42«.4r020.429.4.l».4.W.2»7.60J*J04. 109, 38 1047,40*1 
.^1  1 10*.  1130 14,2  !5O3«.2**O01  .lOlOOSJOS  J 14J14J27  J2*J»  J*l,402.44«O«! 


57 


emitted  light  can  then  be  coupled  back  into  guided  modes  which  propagate  along  the  fibre. 
The  overall  sensitivity  of  this  process  depends  on  the  modes  chosen  and  the  thickness  of  the 
cladding 

6.1  Fluorophores  and  optical  fibres 

A  fluorophore  is  a  chemical  that  absorbs  light  of  a  particular  range  of  wavelengths,  which  in 
turn  excites  some  of  the  fluorophore’s  electrons  to  higher  energy  levels  (excited  state).  When 
the  electrons  return  to  their  previous  energy  state  (relaxed  state),  light  is  emitted.  The  light 
emitted  is  always  of  a  longer  wavelength  than  the  incident  light  due  to  energy  conservation. 
In  general,  fluorophores  or  fluorescent  markers,  are  chosen  for  good  absorption,  stability  of 
excitation  and  efficiency  of  fluorescence.  Fluorescent  markers  can  be  added  to  another 
chemical,  thereby  labelling  it.  A  reaction  of  the  fluorescently-labelled  chemical(s)  with  some 
other  substance  can  alter  the  fluorescent  characteristics  of  the  marker,  sometimes  quenching 
it  ^  (for  example,  as  acid  by-products  are  produced  during  the  reaction)  or  shifting  its 
wavelength  response  There  is  a  limitation  in  the  number  of  markers  that  can 

be  placed  on  one  chemical  (i.e.,  protein),  as  too  many  fluorescent  molecules  too  close  to  one 
another  can  transfer  electrons  among  themselves  rather  than  routing  the  transferred  energy 
from  the  pump  source  through  the  fluorescent  energy  release  route.  Most  applications  require 
a  large  Stokes  shift  (distance  between  the  excitation  maximum  and  fluorescent  maximum,  in 
nm)  to  allow  easy  discrimination  of  the  label  after  excitation  Some  reaction  products 

are  naturally  fluorescent,  but  this  is  not  generally  the  case  (unfortunately!). 

6.2  Fluorescence  capture  at  interfaces 

The  fluorescence  generated  by  fluorophores  has  been  modelled  as  radiating  dipoles^  near  an 
interface  to  study  the  potential  collection  efficiency  of  such  systems.  Once  the  factors 
contributing  to  the  fluorescent  capture  levels  have  been  derived,  efforts  have  been  made  to 
optimise  systems  to  take  advantage  of  these  parameters.  It  has  been  claimed  that  in  general, 

t  (44,68.121,174,21  l,290..m.'M6,347.428.43«,4461 
tt  (156,205.227.231,368,369) 
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when  a  radiating  dipole  (the  fluorophore)  is  located  in  the  optically  rarer  medium  (cladding 
or  external  solution  to  a  waveguide  with  an  index  of  refraction  less  than  that  of  the  core)  very 
close  to  the  interface,  the  emission  by  the  evanescent  waves  into  the  optically  denser  mrj’.um 
(core  or  waveguide  material)  is  the  dominant  contribution  to  the  power  collec'-. 

Other  researchers  take  into  account  the  thickness  of  the  layer,  but  in  all  c  ses  this  description 
assumes  an  orientation  for  the  light  striking  the  interface,  as  might  be  the  case  for  a  prism, 
diffraction  grating,  or  planar  surface  acting  as  a  waveguide  where  the  ray  theory  can  be 

X 

applied.  Further,  the  films  are  expected  to  be  very  thin  and  uniform,  <  —,  where  is 

refractive  index  of  the  layer,  and  is  the  depth  of  the  layer.  This  is  not  always  the  case  for 
typical  deposition  methods,  especially  those  involving  proteins.  The  results  in  this  chapter 
are  based  on  systems  involving  fluoropho.es  in  a  bulk  solution  surrounding  the  waveguide. 
Chapter  7  will  focus  on  methods  to  immobilise  indicators  in  thin  layers  about  the  waveguide. 

6.2,1  Multimode  fibre  fluorescence  capture 

Many  devices  studied  so  far  are  based  on  unclad  multimode  fibres,  particularly  those  with 
plastic  clad  fibres  (whh  a  large  core  radius,  such  as  50  [am  ).  Higher  order  modes  in  these 
fibres  have  the  advantage  of  a  large  number  of  reflections  per  unit  length,  and  consequently 
a  long  effective  interaction  length  with  the  external  material  The  use  of  multimode  fibres, 
however,  does  entail  a  number  of  disadvantages.  Theoretical  calculations  show 

the  efficiency  of  the  coupling  of  cladding  fluorescence  to  the  guided  modes  of  a  multimode 
fibre  depends  strongly  on  the  dimensionless  waveguide  frequency,  V  number,  of  the  fibre: 


where  p  is  the  core  radius,  n,  is  the  refractive  index  of  the  core,  n^  is  the  refractive  index  of 
the  cladding,  and  X  is  the  free  space  wavelength  of  light  propagating  in  the  fibre.  The 
evanescent  field  of  a  multimode  fibre  is  extremely  weak,  of  the  order  of  2%  of  the  total  power 
in  the  fibre  for  a  V  of  lOO'”".  Fibres  with  higher  V  numbers  have  higher  coupling  coefficients. 
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This  is  because  they  have  many  modes  near  cutoff  and  the  evanescent  fields  of  such  modes 
penetrate  mote  deeply  into  the  surrounding  cladding  Fluorescence  from  a  dye  may  be 
excited  by  the  evanescent  field  of  the  guided  radiation  if  the  dye  is  close  to  the  fibre  core.  The 
fluorescent  light  generated  must  be  re-radiated  in  a  manner  that  allows  it  to  be  coupled  (or 
captured)  into  a  guided  mode,  as  portrayed  in  Figure  1. 

As  a  result,  most  multimode  fibre  devices  rely  on  preferential  excitation  of  higher  order  modes, 
either  by  launching  the  light  off  axis,  or  by  means  of  suitable  masks.  This  in  itself  can  cause 
problems  in  maintaining  repeatable  launch  conditions.  Lasdy,  multimode  fibres  themselves 
are  incompatible  with  single  mode  fibres,  and  thereby  unable  to  take  advantage  of  the  very 
high  quality  single  mode  fibre  couplers  and  power  splitters  now  commonly  available. 

6.2,2  Single  mode  fibre  fluorescence  capture 

As  an  alternative  to  unclad  multimode  fibres,  a  number  of  devices  have  been  reported  based 
on  polished  fibres.  In  these  devices,  part  of  the  fibre  cladding  is  removed  mechanically  to 


Figure  6.1  Fluorescent  light  coupled  into  a  guided  mode  at  the  waist  of  the  tapered 
fibre;  J  current  element  generated  by  fluorophore. 

within  several  microns  of  the  core,  resulting  in  a  D-shaped  cross  section.  This  exposes  the 

evanescent  field  to  the  surrounding  medium,  as  discussed  in  Chapter  4.  The  evanescent  field 

of  the  fibre  mode  or  modes  can  then  interact  with  a  dye  solution  with  spectrochemical 

properties  of  interest  to  the  sensor  type  desired.  However,  the  evanescent  field  of  polished 

fibres  is  extremely  weak  unless  the  refractive  index  of  the  external  dye  solution  is  very  close 

to  that  of  the  fibre  (typically  to  within  a  few  parts  per  thousand).  As  a  result,  polished  devices 
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exhibit  extreme  sensitivity  to  changes  in  external  refractive  index  which  is  useful  in  a 
refractometric  system,  but  troublesome  for  other  applications. 

The  use  of  single  mode  fibre  tapers  can  avoid  the  negative  aspects  of  multimode  fibres  while 
still  retaining  the  advantages.  A  single  mode  fibre  is  used  because  modal  coupling  amongst 
the  higher-order  modes  of  a  multimode  fibre  along  a  taper  would  result  in  high  losses.  Further, 
the  modal  field  in  a  single  mode  fibre  is  well  defined.  Power  guided  by  the  fundamental 
mode  is  concentrated  in  a  very  small  circular  cross-section  at  the  taper  waist.  If  such  tapers 
were  made  with  a  diameter  of  about  5  microns,  a  very  small  optical  power,  of  the  order  of  a 
milliwatt,  f'an  cause  a  high  power  density  of  kW/cm*  at  the  waist 

At  the  taper  waist  the  fibre  core  is  so  small  that  it  plays  no  role  in  guiding  the  light.  Guiding 
is  achieved  by  a  new  effective  waveguide  consisting  of  the  fibre  cladding  and  the  surrounding 
medium.  The  local  value  of  V  is  reduced  in  proportion  to  the  fibre  diameter  and  in  very  small 
diameter  tapers  (of  the  order  of  microns),  the  fundamental  mode  field  extends  into  the  medium 
surrounding  the  cladding.  This  has  been  shown  experimentally  as  well  as  predicted 
theoredcally.  The  level  of  interaction  with  the  field,  as  well  as  the  fluorescent  indicator  used, 
determines  the  efficiency  with  which  the  fluorescence  can  be  re-captured  into  the  fibre. 

6.2.2.1  Theoretical  fluorescence  capture  for  tapered  single  mode  fibres 

A  theoretical  description  of  the  efficiency  with  which  the  external  fluorescence  in  the  dye 
solution  surrounding  the  tapered  fibre  is  coupled  into  the  fundamental  mode  of  the  taper  has 
been  developed  based  on  Snyder  and  Love  who  have  given  a  general  account  of 
radiative  capture  into  the  core  of  an  optical  fibre.  A  corresponding  analysis  for  the  case  of 
highly  multimoded  fibres  has  been  given  by  Marcuse  This  analysis  assumes  a  taper  waist 
is  of  constant  radius  p  and  length  L.  At  the  taper  waist,  the  original  core  of  the  fibre  is  so 
small  that  it  can  be  neglected,  so  that  the  light  is  guided  by  a  new  effective  waveguide 
consisting  of  the  fibre  cladding  and  external  medium,  as  illustrated  in  Figure  2. 

At  the  taper  waist,  the  pump  light  excites  the  dye  molecules  into  the  first  excited  sratc.  from 
which  they  fluoresce  as  an  incoherent  mixture  of  radiative  dipoles.  A  dipole  at  position 
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can  be  represented  by  a  current  density  J  .  The  current  density  from  ti.e  excited  fluorophores 
will  in  turn  excite  a  fibre  mode  to  a  certain  amplitude,  and  thereby  transfer  a  certain  level  of 
power  The  total  power  from  all  the  radiating  dipoles  is  summed,  and  the  efficiency  of 
fluorescent  capture  can  be  defined  as  the  total  fluorescent  power  captured  into  the  tapered 
fibre  divided  by  all  the  fluorescent  energy  generated.  This  can  be  written  as: 


n 


Pop  _ 

Pk.  n\ 


(2) 


NA,  the  numerical  aperture  of  the  taper,  is  given  by  V  is  the  normalised 
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waveguide  parameter,  — —  NA ,  and  n,,  n,  are  the  refractive  indices  of  the  core  and  cladding, 
K 


respectively.  In  this  form,  t]  can  be  seen  to  be  always  less  than  one. 
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Figure  6.2  Light  guided  by  a  new  effective  waveguide  consisting  of  the  fibre  cladding 
and  external  medium. 


Equation  (2)  is  plotted  in  Figure  3  as  a  function  of  V  for  different  values  of  NA.  From  these 
curves,  the  efficiencies  of  fiuorescent  capture  can  be  estimated  for  various  taper  diameters 
and  external  dye  refractive  indices. 

The  smallest  tapers  used  in  these  pH  experiments  had  diameters  of  approximately  0.5  microns. 
"Tie  external  dye  index  was  always  adjusted  to  (at  least)  1 .44,  which,  combined  with  the  index 
of  refraction  for  the  cladding  of  1.458.  corresponded  to  an  NA  of  0.23.  The  tluorescent 
wavelength  was  0.526  microns,  yielding  an  estimated  efficiency  of  0.2%.  For  tapers  with  a 
2  micron  diameter  the  corresponding  efficiency  would  oe  just  0.04%.  Results  using 
multimode  polished  fibres  give  efficiencies  of  approximately  10"^,  i.e.,  O.Ol'?!  Similarly, 
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given  that  the  fluorescein  dye  exhibits  a  very  high  quantum  yield  of  90  ±  5%  a  taper 
diameter  ranging  from  1.5  to  2  microns,  a  typical  experimentally  derived  fluorescent  energy 
taper  capture  rate  was  of  the  order  of  10\  i.e.,  0.1%,  of  the  input  light  energy  to  the  dye 
molecule.  It  is  important  to  note  that  theoretical  fluorescent  capture  and  experimentally 
measured  fluorescent  capture  are  not  the  same;  experimentally,  the  ratio  of  fluorescent  power 
capture  to  pump  power  is  used,  as  the  absorption  cross  section  and  quantum  efficiency  of  the 
fluorophore  is  not  known. 


Figure  6J  Fluorescent  capture  efficiency  as  a  function  of  the  dimensionless  waveguide 
frequency  at  different  levels  of  numerical  aperture 


There  is  a  further,  more  important  distinction  between  the  tapered  and  multimode  fibre  cases: 
the  much  higher  optical  intensities  achievable  with  a  tapered  fibre  translated  into  higher 
absolute  levels  of  captured  fluorescence.  The  total  fluorescence  is  proportional  to  the  fraction 
of  pump  power  in  the  external  dye  solution.  For  a  multimode  fibre  with  equal  excitation  of 

modes,  this  is  For  a  tapered  fibre  propagating  the  fundamental  mode,  the  fraction  is 

A  typical  value  for  a  200  micron  diameter  multimode  fibre  is  V  =  300,  whereas  for  a  2 
micron  waist  diameter  of  a  single  mode  fibre  taper  V  is  about  2.7;  in  each  case  assuming  a 
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wavelength  of  0.5  microns  and  an  extenial  dye  index  of  1.44.  From  this  the  level  of 
fluorescence  should  be  30  times  higher  in  a  taper  than  in  a  multimode  polished  fibre  of  the 
.same  length.  Furthermore,  most  of  the  pump  power  Is  absorbed  in  a  taper.  Consequently, 
for  small  diameter  tapers  (2  microns  or  less),  much  higher  absolute  efficiencies  are  possible 
compared  to  multimode  fibres.  Tapered  fibres  are  also  less  suisitive  to  variations  in  the 
external  refractive  index  than  unclad  multimode  fibres,  as  shown  in  Figure  4.  Here  the 
efficiency  of  a  two  micron  taper  is  plotted  as  a  function  of  dye  index  over  the  range  of  n  = 
1.33  (water)  to  1.44.  As  can  be  seen,  the  efficiency  does  not  vary  by  more  than  a  factor  of 
three  over  the  whole  index  range. 

6.3  A  practical  demonstration  of  a  fluorescent  sensor  based  on  tapered 
single  mode  optical  fibres 

6.3.1  Materials  and  apparatus 

The  indicator,  disodium  tluorescein,  and  methanol,  the  solvent  chosen  for  this  experiment,  as 
well  as  pH  buffer  solutions,  were  purchased  from  Fisons  Scientific  Equipment.  For  the 
titration  process,  glacial  acetic  acid  (17.4  M)  and  concentrated  aqueous  potassium  hydroxide 
(100  M)  were  respecti"e'y  obtained  from  Aldrich  Chemical  Company  and  Fisons.  The  pH 
levels  of  the  buffers  and  titration  products  were  verified  using  a  hand-held  pH  electrode 


external  refractive  index 

Figure  6.4  Sens/riviry  to  variations  in  the  external  refractive  index  for  a  2  micron  taper 


64 


supplied  by  RS  Components  with  in  overall  stated  accuracy  of  ±  0.03  pH  units.  To  ensure  a 
constant  external  refractive  index,  appropriate  amounts  of  dimethyl  sulphoxide,  supplied  by 
BDH  Laboratory  Supplies,  were  added  and  regularly  confirmed  using  a  Bellingham  and 
Stanley  sugar  refractometer. 

The  single-mode  optical  fibre  used  for  the  sen  -  ir  was  the  silica  York  Technology  SM450 
with  a  numerical  aperture  of  0. 18.  Tapers  were  made  in  a  manner  reported  earlier  and 
shown  in  Figure  5.  The  tapers  used  in  this  study  had  waist  diameters  from  0.5  to  2.5  microns 
(transmission  losses  of  0. 1  dB),  which  represented  a  compromise  between  a  .sensitive  system 
and  a  durable  one.  Narrow  tapers  tended  to  break,  and  wide  tapers  were  not  sufficiently 
sensitive.  The  tapers  were  then  mounted  in  the  custom  built  linear  dye  cell.  a.s  shown  in  Figure 
6,  to  provide  a  means  of  circulating  solutions  about  the  taper.  The  refractive  index  of  the 
solutions  ranged  from  1.32  to  1.453.  Once  mounted,  the  tapers  could  be  exsily  handled  and 
have  been  in  u.se  for  several  months. 


Figure  6.5  Set-up  for  taper  f(ihric(ition:WLS  =  white  li^ht  source  ftuni^sten),  C  = 

optical  chopper:  L  -  lens;  M  ~  motor-driven  statue:  F  =  flame 

The  experimental  configuration,  .shown  in  Figure  7.  mexsured  output  fiuorescence  level  xs  a 
function  of  pH.  An  Argon-ion  larer.  tuned  to  the  488  nm  line,  wa.s  u.sed  to  excite  the 
fluorescent  dye  around  the  taper.  The  indicator  in  solution  released  fiuorescent  energy  when 
excited  by  the  evanescent  field  of  the  fibre.  The  fiuorescent  emi.ssions  fmm  the  excited  dye 
molecules  were  then  coupled  hack  into  the  fundamental  guided  mexJe  of  the  taper.  The  level 
of  these  emissions  wxs  characteri.sed  by  using  a  mvtnochnimator.  Tliis  light  wxs  then  detected 
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Figure  6.6  Dye-cell  apparatus  for  exposing  the  taper  to  different  pH  levels  with  a 

constant  concentration  of  indicator  dye,  at  a  constant  index  of  refraction. 
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Figure  6.7  Fluorescent  measurement  system  using  tapered  single  mode  optical  fibre: 

Z,=  lens,  C  =  optical  chopper.  Taper  is  mounted  in  a  dye  cell  support  and 
solution  is  pumped  through  the  cell  by  a  peristaltic  pump. 

by  a  large-area  photo  ditxle  (RS  Components,  data  sheet  12508).  Due  to  the  signal  levels, 
intensity  measurements  were  made  using  l(Kk-in  detection  (.SianfonJ  Re-search  Systems).  The 
kxk-in  amplifier  was  linked  to  a  personal  computer  via  an  analogue  to  digital  data  acquisition 
card.  The  fluorescence  spectrum  found  was  typical  for  that  of  bulk  absorption  as  seen  in 
Figure  8.  Subsequent  measurements  were  then  made  with  the  monochnimator  set  at  526  nm. 
the  wavelength  of  maximum  nuorescence. 


Wavelength,  nm 


Figure  6.8  Spectrum  of  disodium  fluorescein  (Uranin)  in  methanol. 

6.3,2  Measurements  and  results 

A  volumetric  litralion  of  100  M  potassium  hydroxide  and  17.4  M  acetic  acid  was  carried  out 
to  establish  a  baseline  for  pH  level  as  a  function  of  volume  of  added  ba.se.  The  amount  of 
acetic  acid  used  was  then  fixed  for  all  .subsequent  experiment  trials,  and  the  pH  levels  obtained 
were  verified  by  the  pH  meter.  Thb  baseline  curve,  as  shown  in  the  solid  line  of  Figure  9, 
exhibited  the  typical  sigmoid  shape  of  pH  as  a  function  of  added  H*  ions  (represented  by 
volume  added).  The  data  represented  by  .squares  in  Figure  9  describes  the  same  titration 
performed  using  a  tapered  fibre  with  the  fluorescein  indicator  in  solution:  the  right-hand  y-axis 
applies.  Approximately  fifty  .sets  of  data  were  taken  on  the  de.scribed  experimental  apparatus, 
and  they  clearly  demonstrated  the  expected  titration  curve. 

6.33  Limitations  current  system 

All  optical  fibre*  ser.jors  for  pH  sh.are  some  fundamental  difficulties  in  as.sessing  pH  precisely. 
The  relationship  between  the  surface-measured  pH  and  the  actual  pH  of  hulk  .solution  differs 
due  to  the  effect  of  electrostatic  repulsion.  The  surface  of  the  optical  waveguide  possesses 
acid-vSise  properties  that  are  rcllected  in  the  surface  pH.  In  the  exse  of  this  .sensor,  and  nurny 
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Figure  6.9  pH  titration  curve:  solid  line  from  pH  meter,  \ _ i  for  tapered  fibre.  Note 

that  in  both  cases  the  external  refractive  index  is  adjusted  to  1.44. 

others  reported  in  the  literature,  the  sample  solution  (and  thereby  all  the  other  ionic 

components  of  the  solution),  has  been  kept  constant.  In  this  case,  the  errors  tend  to  cancel 

For  application  in  biochemical  assays  (particularly  biomedical),  this  condition  is  likely 

to  always  be  met 


6.4  Conclusions 


Tne  tapered  optical  fibre  sensor  as  discussed  here  was  found  to  be  very  responsive  to  pH 
changes.  A  calibration  curve  between  level  of  lluore-scent  light  and  pH  could  be  readily 
determined.  However,  because  the  indicator  v/as  not  a  fundamental  portion  of  the  sensor,  the 
solutions  used  had  to  be  pre-conditioned  -  both  for  refractive  index  and  indicator  dye  content. 
A  possible  cure  for  this  limitation  would  be  to  immobili.se  the  indicator  in  the  cladding 

(or  as  the  cladding)  along  the  taper.  Such  "active  coating’’  sensors  often  provide  much  higher 
sensitivity  Many  immobilisation  methods  are  described  in  the  literature,  and  will 

be  discu.s.sed  in  Chapter  7.  Immobilisation  of  a  thin  layer  with  indicator  molecules  in  it  would 
both  fix  the  refractive  index  and  the  concentration  of  the  indicator.  Nonethe!e.ss,  the  use  of 
single  mode  rather  than  multimode  fibres  results  in  a  more  stable  and  repeatable  optical  launch 
as  well  as  higher  achievable  levels  of  tluorescent  capture. 


Chapter  7 


Immobilisation 


Summary 

This  chapter  reviews  some  of  the  techniques  available  to  combine  a  selective  or 
recognition  element  in  conjunction  with  a  sensitive  one  (here,  an  optical  fibre). 

.The  expected  fluorescence  capture  performance  of  an  optical  fibre  with  an 
immobilised  fluorescent  indicator  is  presented  A  simple  experiment  is  described 
to  determine  if  the  tapered  single  mode  fibre  would  be  able  to  respond  to  an 
external  sample  solution  with  a  fluorescent  indicator  immobilised  to  its  surface. 

The  sensitivity  of  this  assay  is  assessed,  and  the  groundwork  is  laid  for  the 
development  of  the  tapered  single  mode  fibre  as  a  ‘true '  sensor. _ 

7.0  A  true  sensor:  sensitive  and  selective 

The  optical  fibre  sensor  in  general  must  be  developed  to  lake  advantage  of  the  benefits  of  its 
configuration,  especially  its  ability  to  perform  remote  operation.  This  usually  dictates  that  a 
chemical  that  i'j  selectively  sensitive  to  the  analyte  be  immobilised  in  some  manner  to  the 
waveguide.  As  many  chemical  fibre  sensors  depend  upon  the  evanescent  field  for  interaction, 
the  process  of  immobilisation  chosen  mu.sf  not  restrict  the  access  of  the  sample  to  the 
waveguide.  Notwithstanding  these  constraints,  many  of  the  types  of  immobilisation 
techniques  used  for  other  optical  detection  systems  have  been  successfully  applied  to  optical 
fibres. 


7.1  Immobilisation  techniques  for  optical  waveguides 


Many  techniques  have  evolved  to  attempt  to  bring  together  the  chemically-seleciive  elements 
of  an  immobiliscd-indicator  .sensor  to  waveguides^  At  least  some  of  these  techniques  must 
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be  attempted  in  order  for  the  tapered  optical  fibre  loop  to  demonstrate  adequately  that  it  can 
perform  as  a  biochemical  sensor.  Some  methods  typically  used  to  attach  selective  chemistries 
to  waveguides  are  silylation  (or  silanisation),  Langmuir-Blodgett  films  and  the  sol-gel 
process.  These  techniques  are  generally  reviewed  in  the  next  sections, 

7.1.1  Silanisation 


Silylation  is  defined  as  the  substitution  of  a  hydrogen  atom,  bound  to  the  hetero  atom  of  an 
inorganic  (i.e.,  without  carbon)  substrate,  with  a  silyl  group  (depicted  in  Figure  I),  forming  a 
hetero-silicon  atom  bond  without  further  alteration  of  the  molecule.  Silanisation  involves 
converting  a  silanol  group  to  a  less  polar  group,  which  converts  a  terminal  hydrogen  to  some 
other  group,  frequendy  an  organic  compound  (for  chemical  and  biological  sensors). 
Silyladon  (and  silanisation)  can  be  applied  to  many  biochemical  systems  with  the  use  of 
organofunctional  silanes.  These  silanes  (and  others)  have  reactive  groups  at  one  end  for 
covalent  attachment  to  supports  such  as  quartz,  glasses  of  a  variety  of  configurations,  as  well 
as  opdcal  fibres  themselves^ 
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Figure  7.1  Silanisation  f  a  and  b)  and  silylation  ( c  and  d). 
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Depending  on  the  chemical  attached  to  the  arm  of  the  silane  linker  not  bound  to  the  optical 
fibre,  sufficient  optical  signal  may  be  generated  by  silanising  directly  onto  the  Fibre  itself 
without  introducing  any  support  structure.  Some  of  the  optical  systems  reviewed  in 
Appendix  I  did  include  an  additional  layer  or  polymer  to  increase  the  optical  path,  but 
frequently  these  systems  already  suffered  from  inefficiencies  in  capturing  the  available  optical 
information  (attenuation  or  received  fluorescence):  the  additional  complexity  of  another 
substrate  usually  made  matters  worse,  rather  than  correcting  the  initial  deficiencies  of  the 
system  being  employed.  The  combination  of  the  amount  of  responding  material  (absorbed 
by  or  fluorescent  to  the  analyte)  and  the  length  of  silanisation  of  the  fibre,  togetlier  with  the 
intensity  of  the  evanescent  field  at  the  silanised  layer  determine  the  overall  sensitivity  of  such 
devices.  The  ease  of  configuring  the  chemically-reactive  end  of  the  silane  to  any  desired 
functional  group  for  many  applications  make  this  technique  very  attractive.  Further,  the 
potential  for  monolayers  or  thin  layers  on  the  fibre  surface  allow  a  high  proportion  of  the 
evanescent  field  to  interact  with  the  analyte  (directly  or  indirectly)  reacting  with  the  silanised 
layer.  Silylation  (or  silanisation)  can  be  applied  to  silica-based  optical  fibres  (or  any  other 
waveguide)  for  chemical  sensing. 

7.1.2  Langmuir-Blodgett  Films 

Langmuir  and  Blodgett  pioneered  a  technique  sixty  years  ago  to  place  monolayers  of  chemical 
films  on  surfaces.  An  organised  assembly  of  molecules  can  be  transferred  to  a  solid  substrate 
by  dipping  the  substrate  through  the  film  to  produce  a  monolayer,  or  by  repeated  dippings, 
multilayers.  These  films  are  generally  characterised  as  well-ordered  and  mono-moleculariy 
layered**’’^’*’"”.  These  characteristics  of  Langmuir-Blodgett  films  allow  for  rapid  and 
sensitive  interaction  with  the  external  environment  if  these  molecular  layers  are  reactive 
biomolecules  (or  other  suitable  recognition  entity).  Troughs  for  depositing 
Langmuir-Blodgett  films  in  a  repeatable  manner  are  commercially  available,  though  typically 
more  suitable  to  a  planar  surface  rather  than  a  cylindrical  one.  Attempts  to  apply  these  films 
to  optical  fibres  have  met  with  mixed  success''”'^**".  Some  of  these  problems  relate  to  the 
unknown  configuration  of  the  molecules  in  the  layer,  but  others  relate  to  the  geometry  of  the 
fibre.  Since  many  optical  fibre  sensing  systems  use  only  the  tip  of  the  fibre  for  sample 
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interactions,  this  portion  may  be  made  planar.  Similarly,  the  polished  fibre  sensors  (the  flat 
portion  of  the  D  profile)  could  be  used  in  conjunction  with  Langmuir-Blodgett  films.  The 
limitation  in  these  cases  may  be  the  amount  of  material  available  for  interaction  (particularly 
with  a  monolayer  of  selective  molecules),  but  this  may  be  sufficient  for  many  biochemical 
sensor  applications. 

7.13  Sol-gel 

The  sol-gel  technique  is  a  method  (for  which  there  are  at  least  three  approaches)  of  deposition 
of  thin  coatings  onto  glass  and  other  substrates.  It  has  been  used  to  place  specific  coatings 
(i.e.,  antireflective)  onto  optical  components^.  Its  greatest  benefit  is  that  it  can  produce 
optically  smooth  surl'aces.  These  coatings  can  be  used  in  many  different  applications, 
including  those  involving  chemical  sensors.  The  chemistry  behind  this  process  is  complex, 
and  must  be  carefully  controlled  at  every  stage  in  order  to  avoid  fracture  during  the  drying  of 
such  films.  The  basic  sol-gel  process  is  approached  from  any  one  of  three  methods’^**': 

•  gelation  of  a  solution  of  colloidal  powders 

•  hydrolysis  and  polycondensation  of  alkoxide  or  nitrate  precursors 
followed  by  a  hypercritical  drying  of  gels 

•  and  hydrolysis  and  polycondensation  of  alkoxide  precursors  followed 
by  aging  and  drying  under  ambient  atmospheres 

These  approaches  all  require  the  evolution  of  a  sol,  a  dispersion  of  colloidal  particles  in  a 
liquid,  and  a  gel,  an  interconnected,  rigid  network  with  pores  of  submicrometer  dimensions 
and  polymeric  chains  whose  average  length  is  greater  than  a  micrometer.  The  .specific 
definitions  of  colloids,  gels,  and  the  ligands  involved  in  the  steps  of  the  process  are  complex 
and  often  specific  to  the  type  of  chemistries  being  attempted'**’’*^.  With  appropriate  protocols, 
these  coatings  have  been  used  in  conjunction  with  optical  fibre  evanescent  wave  sens  ors.  A 
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porous  cladding  can  be  created,  allowing  an  indicator  or  indicator-labelled  reactive  chemical 
to  be  held  close  to  the  surface  of  the  fibre.  The  sol-gel  film  can  be  dip-coated  onto  the  fibred 
Some  limitations  of  current  techniques  include  leaching  of  the  trapped  chemical,  dissolution 
of  the  structures  in  some  chemical  environments,  and  cracking  of  the  structure*'”’^*’^*^. 

7.1.4  Other 

Other  methods  of  depositing  thin  films  to  surfaces  have  been  attempted,  based  on  materials 
varying  from  polyurethane  to  epoxy  to  photoresist.  Films  have  been  developed  from 
molecules  with  particular  affinities  to  certain  surfaces  (e.g.,  penicillinase'”’'**’').  The  lack  of 
reproducibility  of  films  as  well  as  the  need  for  adaptation  to  many  different  chemical  reactions 
has  limited  the  application  of  such  methods. 

7.2  Expected  behaviour  of  thin  films  deposited  on  optical  fibres 

The  configuration  of  molecular  layers  of  the  films  deposited  onto  optical  fibres  is  absolutely 
critical  to  their  performance.  Non-uniform  layers  interfere  drastically  with  the  efficiency  of 
evanescent  field  interaction,  as  the  index  of  refraction  of  most  solutions  used  for  organic 
material  is  nearly  that  of  water.  The  molecular  constituents  of  the  films  must  either  be  induced 
to  have  a  uniform  orientation,  or  chosen  to  have  such  a  characteristic  inherently.  For 
multimode  fibres,  a  fairly  stringent  requirement  for  the  depths  of  such  films  is  established, 
but  this  is  primarily  to  simplify  the  calculations  of  the  optical  field  (from  LP  theory  to  ray 
approximation).  It  was  found,  as  will  be  discussed  in  Chapter  8,  that  as  long  as  the  layers 
were  optically  smooth  on  the  same  order  of  magnitude  of  the  wavelength,  the  film  acted  as 
the  expected  guide  for  the  optical  energy.  In  general,  however,  the  films  are  treated  as  very 
thin  films  that  do  notcontributesignificantly  to  the  effective  refractive  index  of  the  waveguide, 
and  can  all  but  be  neglected  save  for  the  presence  of  the  fluorescent  or  absorbing  sources,  and 
are  often  treated  as  sources  imbedded  in  the  cladding.  This  assumption  leads  to  a  simple 
estimation  for  the  fluorescence  capture  efficiency  based  on  the  analysis  of  Chapter  6,  where 


t  [69,138,235,236,246.319] 


the  integral  is  re-evaluated  from  the  surface  to  a  small  distance  away  from  the  surface 
p  -t-  5  p  .  The  efficiency  is  then  twice  what  what  we  had  before,  or; 


ti  =  2 


(1) 


V,  the  normalised  wave  number,  is  given  by  NA;  and  NA,  the  numerical  aperture  of 


2  2 

the  taper,  is  given  by  («  ,  -  n  j)  . 


In  order  to  examine  the  behaviour  of  thin  fluorescent  films  on  the  surface  of  the  tapered  single 
mode  fibre,  a  very  simple  (chemical)  system  was  chosen,  as  the  point  of  the  experiment  was 
to  examine  the  light-guiding  properties  of  the  immobilised  layer  rather  than  invent  new 
chemical  procedures  for  attaching  functional  groups  to  optical  waveguides.  Because  of  its 
unique  affinity  to  glass,  penicillinase'^*^’’**’  was  chosen  as  the  immobilised  layer  for  the 
tapered  optical  fibre  sensor. 


7.3  Demonstration  of  the  tapered  fibre:  an  immobilised-indicator  based 
penicillin  sensor 

The  main  goal  for  this  experiment  was  to  immobilise  fluorescently-labeled  penicillinase 
around  the  tapered  single-mode  fibre  and  measure  penicillin  levels  based  on  quenching  of 
fluorescence  by  release  of  penicilloic  acid.  This  would  serve  to  demonstrate  immobilisation 
of  fluorescent  indicators  on  tapered  fibre  surface  gives  results  similar  to  those  of  bulk  solution; 
that  is,  the  coated  tapers  are  as  least  as  sensitive.  Although  the  experiment  itself  is  relatively 
simple  in  conception,  the  chemical  requirements  for  such  a  system  are  not  trivial,  and  the  use 
of  enzymes  required  careful  handling  in  order  for  the  chemical  activity  of  the  species  to  be 
constant. 


7.3.1  Preparation  of  the  biochemical  element  of  the  sensor 

First,  the  penicillinase  had  to  be  labelled  with  the  fluorescent  marker  (fiuorescein 
isothiocyanate,  FTTC).  This  required  that  the  penicillinase  be  dissolved  from  its  delivered  dry 
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state  and  then  desalted  into  an  appropriate  medium  for  binding.  The  recommended  solution 
from  the  supplier  (Sigma)  was  an  alkaline  phosphate  buffer.  The  buffer  salts  from  the  original 
shipped  penicillinase  were  removed  by  running  the  protein  through  a  Sephadex  column, 
which  served  to  separate  molecules  of  different  weight  An  ELISA-based  analysis  to  locale 
the  highest  protein  concentration  from  the  eluate  was  performed,  and  the  protein  samples 
amassed,  using  the  standard  curve  shown  in  Figure  2.  Next,  an  appropriate  amount  of  FITC 


0  O.OS  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45  0.5 


Protein  (mg) 

Figure  7.2  Bio  Rad  Bovine  serum  albumin  standard  curve:  used  to  relate  EUSA 
read-out  values  to  level  of  protein  in  the  sample  cell 

in  the  same  alkaline  buffer  was  added  to  the  penicillinase  samples.  The  system  was  allov^ed 

to  react,  and  then  the  unbound  FITC  was  separated  from  the  labelled  penicillinase  by  running 

the  solution  through  another  Sephadex  column.  Again,  the  protei.n-rich  samples  were 

combined;  this  was  simplified  once  me  penicillinase  had  been  labelled  by  the  FITC,  as  the 

bbelled  protein  was  visually  different  than  the  unbound  FITC  (dark  yellow  versus  orange). 

Next,  the  ability  of  the  fluorophore  to  fluoresce  and  the  penicillinase  to  react  with  penicillin 
had  to  be  confirmed  prior  to  immobilisation  on  the  fibre  surface.  The  labelled  penicillinase 
had  been  switched  to  a  slightly  acidic  phi  buffer  at  the  same  lime  as  the  unbound  FITC 
had  been  removed.  Sigma  recommended  this  buffer  as  more  appropriate  for  maximum 
activity  of  the  penicillinase.  The  fluorescence  of  varying  concentration  levels  of  unbound 
FTTC  was  measured  on  a  fluorimeter,  and  a  simple  concentration  versus  fluorescence  level 
standard  graph  was  developed  (Figure  3).  The  bound  FITC  was  then  neasured  in  dilutions 
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Figure  73  Standard  curve  for  fluorescence  level  ofFITC  solutions.  The  filled  circles 
represent  different  FITC-labelled  penicillinase  dilutions  and  are  compared 
to  the  standard .  The  bound  FITC  retains  its  fluorescent  nature. 

to  determine  its  effective  concentration.  The  nTC-Iabelled  penicillinase  displayed  an 
adequate  fluorescence  signal  to  be  measurable  on  the  fluorimeter. 

The  activity  of  labelled  penicillinase  had  to  be  compared  to  the  activity  of  unlabelled 
penicillinase  against  standard  solutions  of  penicillin  (for  this  experiment,  Penicillin-G  or 
benzylpenicillin).  An  indicator  reagent  (blue-black  starch  solution)  that  changed  colour 
dramatically  was  used  in  conjunction  v/ith  the  ELISA-based  system.  A  group  of  reaction 
controls  were  prepared  and  the  indicator  solution  added.  If  the  penicillinase  reacted  with 
penicillin,  penicilloic  acid  would  be  released,  which  turned  from  blue-black  to  clear  in  the 
presence  of  the  acid.  The  completeness  of'  this  change,  and  the  speed  of  the  reaction  was 
assessed  by  examining  the  transmission  through  the  solution.  The  labelled  penicillinase  did 
display  the  required  level  of  activity,  as  shown  in  Figure  4.  Details  of  the  chemical  procedure 
can  be  found  in  Appendix  III. 

Now  that  all  the  necessary  chemical  components  had  been  dcvclnj'rd,  they  had  to  be  combined 
with  the  sensitive  element  of  the  sensor  system:  the  tapered  fibre.  The  immobilisation 
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Figure  7.4  As  FITC-labelled  penicillinase  interacts  with  standard  solutions  of 

penicillin  and  releases  H*.  a  blue-black  starch  indicator  turns  clear,  and 
the  the  measured  OD  increases  dramatically. 

procedure  was  simple;  the  labelled  penicillinase  was  allowed  to  react  with  tapered  fibre  in 
its  mount  overnight  (at  4“  C),  as  penicillinase  will  preferentially  adsorb  to  glass'**  '**’. 


73.2  Preparation  of  the  optical  element  of  the  sensor 


A  taper  was  prepared  and  mounted  in  the  dye  cell.  In  addition,  a  coupler  of  known 


power-splitting  ratio  (i.e.,  95:5)  was  constructed  in  order  to  monitor  input  power.  The 


experimental  setup,  similar  to  the  absorption  measurements,  is  illustrated  in  Figure  5.  The 

Optical 


detector 


Optical 

source 


Figure  7.5  Experimental  set-up  to  measure  fluorescence  decrease  as  a  function  of 
penicillin  concentration.  C=  optical  ch  '^pper,  L  =  lens.  Taper  with 
immobilised  FITC-labelled  penicillinase  mounted  in  dye  cell;  samples  are 
injected  with  a  syringe. 
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optimal  setting  for  the  monochromator  was  determined  by  taking  an  initial  fluorescence 
spectrum,  with  the  peak  level  found  at  522  nm,  ±  2  .im.  The  fluorescence  spectrum  for 
FlTC-labelled  penicillinase  on  a  tapered  single  mode  fibre  is  shown  in  Figure  6. 
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Figure  7.6  Fluorescent  spectrum  of  FlTC-labelled  penicillinase 

7.33  Testing  the  penicillin  sensor 

The  penicillinase-coated  taper  was  exposed  to  concentration  levels  of  penicillin  from  6  )iM 
to  0.4  mM,  and  the  fluorescence  level  was  monitored  continuously.  The  quenching  of  the 
FITC  fluorescence  as  penicilloic  acid  was  released  could  be  seen  by  eye,  especially  at  the 
highest  concentradon  levels  of  penicillin.  The  rate  of  fluorescence  decrease  for  each 
concentration  level  was  calculated  at  5  second  intervals  and  compared.  After  each  exposure, 
buffer  solution  was  circulated  through  the  dye  cell  mount  to  remove  the  penicillin.  The 
fluorescence  level  was  monitored  and  the  process  of  rinsing  continued  unul  the  fluorescence 
level  recovered  to  iLs  original  level.  It  was  expected  that  only  an  initial  ‘fast’  rate  could  be 
used  to  separate  the  different  concentrations  as  enzyme  binding  in  a  static 
environment undergoes  initial  diffusion  (Fick’s  law),  and  subsequently 
dissociation,  eiectrostaUc  repulsion,  steric  deformation,  and  re-association  events  that  may 
cause  an  oscillarion  in  the  received  fluorescence  signal  independent  of  the  reaction  that  is 
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Figure  7.7  Fluorescence  uptake  for  fibre  taper;  protein-protein  interaction  on  surface. 

being  monitored.  Figure  7  illustrates  fluorescence  uptake  in  a  protein-binding  event  with  such 
multiple  processes. 

Sampling  times  of  less  then  60  seconds  were  used  to  discriminate  the  initial  concentration  of 
the  penicillin  sample;  Pick’s  law  would  apply  in  at  least  the  first  40  seconds,  as  shown  in 
Figure  8.  A  concentration  curve  versus  level  of  fluorescence  decrease  could  be  developed  for 


Tlrrs  (S«conds) 

Figure  7.8  Fluorescence  uptake  for  fibre  taper  in  the  first  40  seconds  of  interaction, 

using  the  first  order  approximation  (Fick's  lave). 
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Figure  7.9  Concentration  of  initiai  peniciliin  sample  determined  by  the  rate  of 

decrease  of  fluorescence  of  FlTC-labelled  immobilised  penicillinase  after  a 
30  second  sample  exposure  time. 


a  fixed  lime  intervul.  Thirty  .seconds  was  found  to  be  best,  and  a  calibration  curve  for  penicillin 
concentration  is  shown  in  Figure  9. 

As  seen  in  Figure  7,  it  would  be  expected  that  other  phenomena  would  interfere  with  the 
simple  calibration  curves  being  developed  at  arbitrary  times.  For  example,  if  calibration 
curve.3  for  other  time  intervals  are  combined  on  one  graph,  the  rate  of  fluorescence  decrease 
does  not  continue  monotonically.  If  the  cur/es  in  Figure  10  are  examined,  it  can  be  seen  that 
there  is  crossover  between  the  different  fluorescent  decreases  measured  after  different  times. 
The  first  explicit  curve  is  chcsen  to  represent  the  initial  interaction  (Pick's  law)  of  the  unknown 
penicillin  sample  and  die  immobilLsed  FlTC-labeiled  penicillinase. 
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Figure  7.10  Concentration  versus  reaction  level  (t-35,  40,  50,  60,  65  sec) 

FlTC-labelled  immobilised  penicillinase:  note  that  curves  do  not  increase 
monotonicjlly. 


7.4  Limitations  of  the  current  system 

The  limit  of  detection  of  the  FITC-labelled  penicillinase  coated  Uipered  fibre  sensor  is  of  the 
order  of  ppb.  Although  it  is  comparable  to,  and  in  some  cases  better  than,  the  current  penicillin 
sensors  reported  in  the  literature^  the  sensor  as  it  stands  has  not  been  adequately  tested  against 
cross-reacting  species  or  the  varying  types  of  penicillin.  Although  individual  concentration 
levels  of  penicillin  give  teproducible  results,  the  system  is  not  likely  to  be  useful  to 
discriminate  unknown  samples.  It  did,  however,  demonstrate  that  if  indicators  were  bound 
in  the  interaction  region  of  the  taper  (at  the  taper  waist),  sensitive  measurements  could  be 
made.  The  fluorescence  levels  captured  were  adequate  to  discriminate  one  sample 
concentration  level  from  another. 


t  1 1 32, 1 6 1 , 1 93. 1 94,2 : 0.248.262.437.6.S.75,r  19.274, 273 ,278.399,44t  j 


81 


7.5  Conclusions 


A  more  severe  limitation  of  the  penicillinase  coated  tapered  fibre  is  its  linear  configuration. 
There  is  some  difficulty  in  coating  the  taper  in  its  current  mount  without  contaminating  the 
mount  surface,  and  easily  exposing  the  taper  to  samples.  A  new  geometry  for  the  tapered 
fibre  and  mounting  arrangement  was  necessary,  as  will  be  described  in  Chapter  8.  The 
penicillinase-coated  single  mode  tapered  fibre  did  demcnstrate  very  effectively  the  capability 
of  the  device  to  use  capture  fluorescent  power  from  immobilised  Lidicators  to  determine 
analyte  concentration.  A  more  generic  method  for  attaching  recognition  or  ^electi  ve  elements 
to  the  optical  fibre  is  also  needed,  as  will  be  discussed  in  Chapter  9.  Given  some  optimisation, 
in  both  configuration  and  immobilisation  technique,  it  was  expec'ed  that  a  very  sensitive 
sensor  for  biological  and  chemical  material  could  be  developed. 
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Chapter  8 


Optimising  sensor  configuration 

Summary 

Adiabaticalh  tapered  single  mode  fibre  evanescent  field  devices  have  been 
demonstrated  as  a  better  alternative  for  fluorescent  capture  devices  then  those 
sensors  based  on  multimode  fibres,  as  well  as  suitable  candidates  for  optical fibre 
evanescent  absorption  transducers.  Despite  this  inherent  capability,  configuring 
the  tapered  fibre  as  a  device  suitable  for  biochemical  sensing  remains  in  general 
a  problem,  /ti  is  discussed  in  this  chapter,  a  more  desirable  configuration  for  the 
tapered  fibre  had  to  be  established.  A  lossless  macrobend  (18(f )  was  introduced 
in  the  tapered  region  of  the  single  mode  fibre.  The  tapered  fibre  loop  was  tested 
in  conjunction  with  a  silani.sation  process  for  indicator  immobilisation.  The 
expected  fluorescent  capture  level  is  predicted,  and  compared  to  experimental 
results.  It  is  found  that  when  a  suitable  coating  thickness  is  applied  to  the  region 
near  and  including  the  taper  waist  of  the  fibre  loop,  a  novel  waveguide  structure 
with  potentially  very  high  fluorescent  capture  is  developed. 


8.0  Optical  fibre  macrobends 

In  general,  bends  can  be  introduced  to  optical  fibres  as  long  as  the  radius  of  curvature  is  greater 
than  the  limit  imposed  by  stress  on  the  fibre  (outer  surface  tension  and  inner  surt'ace 
compression)  as  defined  below*'^: 


R 


b 

0.002 


(!) 


where  b  is  the  radius  of  the  fibre  taper  at  the  bend  and  is  the  radius  of  curvature. 


For  example,  with  a  tapered  fibre  radius  of  0.5  pm,  the  bend  radius  should  be  greater  than 
250  pm  (0.25mni)  in  order  to  maintain  a  bend  without  stress  losses  or  fracture.  Typically, 
bend  radii  of  0.5  to  1.0  mm  could  be  used  without  excess  loss  or  breakage.  The  total 
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transmission  loss  of  the  tapered  fibre  loop  was  0. 1  dB  or  less;  the  introduction  of  the  bend  did 
not  significandy  add  to  the  total  loss  through  the  tapered  fibre. 

Other  researchers  have  used  such  macrobends  with  multimode  sensors  to  induce  losses'^’*'. 
A  stripp)ed  (etched  or  melced  with  a  CO^  laser)  multimode  fibre  is  used  as  a  refractometer, 
with  the  bend  introduced  to  enhance  the  loss  when  the  sensor  was  placed  in  contact  with  a 
medium  of  differing  refractive  index  (in  this  case,  the  presence  of  water).  Pressure,  strain  and 
magnetic  sensors  based  on  a  biconically  tapered  (asymmetric)  single-mode  fibre  with  a  bend 
radius  of  62  mm  have  been  constructed*^^.  These  structures  are  too  large  to  be  used  with 
type  of  sample  volume  expected  for  biochemical  systems. 

8.1  Applying  the  macrobend  to  the  single  mode  tapered  fibre 

Structures  that  have  approximately  the  same  scale  as  desirable  for  the  fibre  loop  sensor  have 
been  developed  Some  of  these  were  made  to  radii  of  curvatures  that  were  even  smaller 

than  the  stress  considerations  would  allow,  and  did  not  exhibit  any  breakage.  Some 
preliminary  theoretical  work  has  been  done  to  examine  the  actual  effect  of  curvature  changes 
along  the  taper,  rather  than  simply  applying  the  suess  formula  for  untapered  fibres.  The  Love 
slowness  criterion  introduced  in  Chapter  4  was  applied  to  define  a  critical  value  for  the  radius 
of  curvature  with  the  distance  along  the  curved  taper  axis.  A  proposed  function  for  this  relation 
was  defined  by  Birks  et  al  which  is  not  as  easy  to  appiy  as  the  first  formula.  An  example 
of  the  improvement  in  reduction  of  scale  is  given  by  the  authors,  who  were  able  to  bend  a 
15  pm  diameter  tapered  fibre  about  a  0.75  mm  bend  radius  with  negligible  loss.  The  fibre 
stress  formula  would  predict  a  much  larger  radius,  3.75  mm,  as  a  limit,  so  the  revised  approach 
is  certainly  attractive.  The  authors  further  suggested  a  thinner  taper  could  be  bent  in  almost 
any  manner  without  loss. 

In  this  work,  the  initial  tapered  fibres  with  macrubends  were  bent  entirely  by  hand,  and  it  was 
neces.sary  to  he  conservative  in  the  size  of  macrobend  constructed.  Further,  an  inability  to 
measure  the  final  taper  waist  diameter  achieved  in  each  case  of  tapering  until  alter  the  taper 
loop  was  mounted  required  that  a  worst  ca.se  assumption  be  made  (in  terms  of  thickness  of 
waist  diameter).  Taxing  these  various  limitations  into  account,  a  fibre  mount  was  constructed 
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Solution  is  placed  in  the  cap,  and  recognition 
events  occur  on  the  surface  of  loop  waveguide 

Figure  8.1  Support  for  initial  version  of  tapered  single  mode  fibre  loop  sensor,  cut 

away  view.  The  upper  half  of  the  mount  is  placed  over  the  bottom  half  with 
the  fibre  fixed  in  place:  a  cap  can  be  placed  over  the  complete  mount  to 
protect  the  taper  loop  or  to  allow  chemical  interactions  to  take  place. 

to  accommodate  a  radius  of  curvature  of  1.0  mm  as  depicted  in  Figure  1.  Loops  of  this  bend 
radius  were  made  repeatedly  without  significant  transmission  loss  (0.  i  dB  or  less). 
Subsequendy,  macrobends  with  a  radius  of  0.5  mm  were  made  without  difficulty. 

Now  that  a  much  simpler  configuration,  with  suitably  low  loss,  had  been  devised,  practical 
application  of  coatings  to  make  the  system  specific  to  the  desired  chemistry  was  possible. 
Silanisation  with  an  appropriate  organofunctionai  silane  could  be  used  to  introduce 
appi  jpriaie  functional  groups  onto  the  siUca  fibre  surtace,  without  contaminating  the  mount. 
The  tapered  fibre  loop  could  intera«.l  oi.mply  with  the  samples. 

8.2  Use  of  the  tapered  single  mode  fibre  loop  in  an  immunoassay 

The  use  of  optical  fibres  with  immobilised  recognition  elements  for  immunoassay  sensors  is 
well  known'^'*'.  In  general,  the  fibre  .sensor  will  not  be  affected  by  fluorescence  from 
molecules  spaced  away  from  the  waveguide  (i.e.,  background  interference).  This  method  not 
only  allows  the  presence  or  absence  of  the  fiuorescent  indicator  to  be  detected  but  also  enables 
quantitative  measurements  to  be  made.  The  biochemical  materials  bound  to  the  waveguide 


85 


surface  exhibit  fluorescence  in  response  to  a  change  in  the  amount  of  analyte  present  (either 
quenching,  the  introduction  of  a  fluorescent  label,  or  a  two-step  fluorescent  label  assay). 


To  examine  the  tapered  fibre  loop  in  a  fluorescent-based  immunoassay,  eitlier  fluorophores 
or  recognition  elements  used  with  secondary  fluorophore  reactants  were  silanised  directly  to 
the  fibre  surface.  If  the  fluorescence  occured  in  the  entire  region  surrounding  the  silanised 
tapered  fibre,  then  the  fluotescent  collection  efficiency  would  be  given  by  Equation  2, 


11  = 


(2) 


The  tapered  silanised  fibre  loop  used  for  this  analysis  had  a  numerical  aperture  of  0.59  in  the 
taper  waist  region  where  the  external  refractive  index  was  1.32,  cladding  refractive  index  was 
1.458,  taper  radius  p  was  0.5  microns,  and  the  wavelength  of  the  expected  fluorescence  was 
0.526  microns.  Using  this  equation,  the  fluorescence  capture  efficiency  was  anticipated  to  be 
0.13%.  This  assumed  that  the  refractive  index  of  the  molecular  layer  of  fluorescein 
isothiocyanate  (FTTC)  and  silane  (and  other  proteins  for  appropriate  linking)  immediately 
adjacent  to  the  fibre  was  negligible.  However,  even  if  a  near-monolayer  coating  was  applied, 
some  effect  was  likely  to  be  seen.  In  practise,  a  monolayer  was  not  found,  as  illustrated  in 
the  scanning  electron  microscope  photograph  in  Figure  2. 

The  coating  here  is  approximately  160  nm  in  depth,  which  implies  that  for  the  tapers  used  in 
this  immunoassay  study,  a  coating  about  1/3  as  thick  as  the  waveguide  itself  surrounds  iL  The 
fluorescent  molecules  appear  to  act  as  a  thin  surface  layer  radiating  around  the  waveguide  in 
dimensions  significant  to  it.  In  order  to  take  this  into  account,  the  fluorescence  capture 
efficiency  must  again  be  evaluated  from  the  surface  to  a  small  distance  away,  i.e.,  p  to 
p  5  p  to  arrive  at  the  appropriate  efficiency,  which  is  the  same  as  used  in  the  penicillina.se 
experiment. 


2  log,V(,V/\)^ 


(I) 
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waveguide  system  of  tapered  fibre  plus  protein  layer.  This  requiicd  investigation  of  a  number 
of  simple  model  systems. 


8.2.1  Model  sy.stems  based  on  silanisation  and  the  avidin-biotin 
interaction 

One  of  the  most  useful  interactions  in  immunochemistry  involves  the  specific  binding  of  the 
water-soluble  vitamin  biotin  to  the  egg  white  protein  avidin^  Avidin  is  a  tetramer  containing 
four  identical  subunits  of  molecular  weight  15,000.  Each  subunit  contains  a  high  affinity 
binding  site  for  biotin  with  an  extremely  low  dissociation  constant  The  binding  is  undisturbed 
by  extremes  of  pH,  buffer  salts,  or  even  chaotropic  agents,  such  as  guanidine  hydrochloride 
(up  to  3  M).  The  strength  of  the  avidin-biotin  interaction,  the  strongest:  known  nonco valent 
biological  recognition  between  protein  and  ligand,  has  provided  researchers  wi:b  a  unique 
tool  for  use  in  immunoassays  and  protein  isolation. 

The  avidin-biotin  system  is  particularly  well-suited  for  use  as  a  sandwich  or  bridging  system, 
in  association  with  antibody  antigen  interactions.  The  biotin  molecule  can  easily  be  activated 
and  coupled  to  either  antigens  or  antibodies,  usually  with  complete  retention  of  activity. 
Subsequently,  avidin  can  be  conjugated  with  fluorochromes  and  used  as  a  high  affinity 
secondary  reagent  to  greatly  increase  the  sensitivity  of  an  assay,  or  to  make  it  optically 
detecuible.  The  model  systems  used  to  initially  examine  the  protein-tapered  fibre  loop 
waveguide  system  were  very  simplistic:  first,  FITC  alone  was  hound  to  a  silanised  tapered 
fibre  loop,  then  FTTC-labelled  avidin  directly  to  the  loop,  and  then  FTTC-labelled  avidin  was 
allowed  to  react  with  a  tapered  fibre  loop  with  biotin  silanised  to  it.  Lastly,  a  more  complex 
system  was  examined  with  FITC-Iabelled  synthetic  peptide  CTPj  bound  to  a  carrier  protein 
BSA  (CTPj  and  its  significance  as  an  epitope  for  cholera  toxin  will  be  discussed  in  Chapter 
9)  attached  to  the  silanised  fibre  as  a  preliminary  measure  for  an  antigen-antibody 
immunoassay. 
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8.2.1.1  Chemical  preparation  of  the  tapered  fibre  loop 


Various  methods  of  attaching  these  fiuorophores  to  the  optical  fibre  surface  were  explored. 
The  silanes  used  for  the  chemical  binding  were  specific  to  the  functional  groups  present  In 
all  cases,  the  solutions  used  were  placed  in  a  cap  that  fitted  over  the  end  of  the  tapered  loop. 
In  the  case  of  FITC  alone  and  NHS  di-hydroxysucctnimide  ester  oQ  -biotin  an 
amino-functional  silane  was  used.  This  required  that  the  tapered  fibre  loop  be  activated  with 
3-aminopropyltriethoxysilane  at  50"  C  for  one  hour.  The  fibre  loop  was  rinsed  thoroughly, 
and  then  1  mg/ml  FTTC  in  100  mM  sodium  phosphate  buffer  pH  8.3  or  an  equivalent  amount 
of  NHS-biodn  was  incubated  in  a  cap  at  room  temperature  (taken  to  be  25"  C)  for  an  hour. 
The  fibre  loop  was  rinsed  extensively  with  buffer  to  remove  any  unbound  material  and  stored 
with  buffer  solution.  For  either  FTTC-avidin  or  FITC-labelled  synthetic  CTPj-BSA, 
3-glycidoxypropyltrimethyisilane  was  reacted  with  the  tapered  fibie  loop  for  one  hour  at  room 
temperature.  Vicinal  diols  were  formed  after  hydrolysis  of  the  oxide  function  by  using  1 1.6 
mM  HCl  at  90"  C  for  one  hour.  Aldehyde  groups  were  then  formed  by  oxidation  by  0.1  M 
NalO^  dissolved  in  10%  (volume  to  volume)  acetic  acid  placed  in  a  cap  and  reacted  for  another 
hour  at  room  temperature.  Lastly,  cither  FfTC-avidin  or  FH'C-labelled  synthetic  CTPj-BSA 
were  reacted  with  the  tapered  fibre  loop  for  an  hour,  and  then  the  loop  was  rinsed  exhaustively 
with  buffer  solution  (the  same  as  u.sed  in  the  amino-functional  .silane  protocol)  and  stored  with 
a  cap  filled  with  the  same  buffer.  A  pictorial  representation  of  these  functional  groups,  as 
they  attach  to  the  silica  fibre  surface,  is  shown  in  Figure  3. 

8.2.1.2  Fluorescent  measurements 

The  488  nm  line  of  a  water-cooled  argon-ion  laser  (Coherent  Innova  90-5),  passed  through 
an  optical  chopper,  was  used  to  excite  the  fiuorophore.  The  iluorescent  light  from  the  excited 
bound  fiuorophores  was  coupled  into  the  guided  mode  of  the  taper.  The  input  wavelength 
was  removed  with  a  high  pass  wavelength  filter  (OD  5 15  nm)  which  allowed  wavelengths  at 
or  above  515  nm  to  pass  through  it;  this  completely  blocked  out  (50  dB  loss  or  more)  the 
excitation  wavelength.  The  filtered  light,  emissions  from  the  captured  fluorescence,  was  then 
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Figure  8J  Modification  of  terminal  group  of  silane,  attached  to  silica  fibre  surface,  to 

bind  protein 

detected  by  a  large  area  photo  diode.  Voltage  levels  (conveited  from  the  current  output  of 
the  photodiode)  were  recorded  with  a  lock-in  detector  linked  to  the  optical  chopper.  The 
lock-in  detector  was  linked  to  a  personal  computer  via  an  analogue  to  digital  data  acquisition 
card.  Initial  measurements  of  the  excitation  wavelength  through  the  OD  5 15  nm  filter  were 
made  and  found  to  give  statistically  negligible  readings.  The  photo  diode  alone,  without  any 
illunnination  source  other  than  an-ibient  light  (the  photo  diode  was  mounted  with  a  pin  hole 
cover  suitable  for  insertion  of  an  optical  fibre),  gave  extremely  low  readings,  which  were  used 
in  conjunction  with  the  filter  readings  to  give  a  noise  level  for  comparison  to  the  fluorescent 
readings.  Fortunately,  all  the  fluorescent  emissions  were  found  to  be  at  least  three  orders  of 
magnitude  higher  than  the  baseline  noise  level.  The  optical  launch  of  the  fibre  did  not  need 
to  be  disturbed  while  the  cap  was  filled  with  sample  solutions,  nor  while  the  loop  was  being 
rinsed.  A  baseline  fluorescence  reading  of  a  fibre  loop  in  contact  with  1  mg/ml  FTTC  in 
solution  (not  bound  to  the  fibre  surface)  was  made  as  well. 

The  fluorescence  levels  captured  from  FITC  attached  directly  to  the  silanised  tapered  fibre 
were  in  line  with  what  was  predicted  by  theory,  as  was  the  fluorescence  measured  for  the 
FTTC  in  solution.  All  the  other  model  systems,  however,  exhibited  fluorescence  levels 
significandy  higher  than  expected.  This  is  shown  in  Table  1. 


System 

Power  measured  fmW) 

Perccntaee  of  inout  power  (%) 

Predicted  (theoretical)  level 

0.00892 

0.268 

FTTC 

0.0071 

0.197 

FTTC  in  solution 

0.0006 

0.016 

FTTC-Avidin 

0.096 

2.67 

Biotin-FTTC-Avidin 

0.091 

2.53 

FITC-CTP3-BSA 

0.12 

3.33 

Table  8,1  Fluorescence  levels  of  various  fluorescent  or  fluorescently-lahelled  proteins 

in  contact  with  the  tapered  fibre.  Input  power  was  3.8  mW  at  488  nm. 

There  are  several  ways  to  attempt  to  explain  this  result  A  simple  solution  would  be  to  note 
that  the  theoretical  treatment  of  the  fluorescing  molecules  on  the  surface  of  the  optical 
waveguide  assumes  an  equal  density  of  fluorophores  for  all  cases.  This  is  certainly  not  the 
case  since  the  number  of  FTTC  molecules  that  could  bind  to  the  fibre  depends  on  the  number 
of  potentially  accessible  lysine  groups  (the  biotin  binding  site  of  avidin  may  be  sterically 
hindered  when  certain  groups'**'  are  present  near  the  lysine).  In  both  the  FTTC-avidin  and 
biotin-FTTC-avidin  systems,  up  to  10  FITC  molecules  could  bind  per  avidin  (though  in 
practise  only  6-7  are  normally  bound);  for  the  FTTC-BSA-CTPj  system  more  than  40  FTTC 
molecules  may  be  bound  (though  only  24-28  would  be  expected).  If  this  is  taken  into  account 
simply  by  multiplying  the  fluorescent  effect  by  the  number  of  FTTC  possible  per  protein 
molecule,  Lhen  the  levels  described  b;  Table  2  are  anticipated. 


System 

Maximum 
expected  levs! 

Level  expected  in 
practice  (i.e.,  7  out  of  10 
FITC  molecules),  % 

Measured  level,  % 

FTTC 

0.268 

0.268 

0.197 

FTTC-Avidin 

2.68 

1.88 

2.67 

FTTC-Biotin  -  Avidin 

2.68 

1.88 

2.53 

FTTC-CTPs-BSA 

10.72 

7.5 

3.33 

Table  8,2  Fluorescent  levels  with  simplistic  fluorophore  quantification. 
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Although  this  seems  to  address  the  situation,  it  is  not  a  very  satisfactory  explanation  when  the 
physical  aspects  of  the  protein  are  taken  into  account  Avidin  is  simply  huge  compared  to 
FITC  alone  (molecular  weights  of  =  60,000  and  400,  respectively).  It  is  extremely  unlikely 
that  the  fluorophore  density  in  the  volume  surrounding  the  taper  is  distributed  in  such  a 
multiplicadvely-simplistic  manner.  These  molecules  will  not  occupy  the  same  volume,  and 
CfcrtaLnly  not  while  on  a  surface'^'.  It  is  more  likely  that  anotlier  explanation  is  more  plausible. 
When  these  tapered  fibre  loops  were  first  considered  for  use  in  immunoassays,  it  was  assumed 
that  a  monolayer  or  insignificantly  thin  layer  (from  the  viewpoint  of  the  wavelength  of  light 
utilised)  would  be  attached.  Although  this  appears  to  be  true  for  silane  alone  (see  Figure  4) 
or  FITC  in  ce.ijunction  with  silane  (borne  out  by  Table  2),  it  certainly  is  not  true  for  protein 
coats.  A  number  of  methods  were  used  to  assess  the  surface  yield  (i.e.,  amount  bound  per 
surface  area)  as  well  as  the  thickness  of  the  attached  layer. 


Figure  8.4  Surface  of  tapered  fibre  loop  with  only  silane  (3-aminopropyltriethoxy- 

silane)  at  2  micron  resolution 
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Surfoc*  cr«o  of  fibre  (squore  millimeters) 


Figure  8j5  Yield  ofSAED  molecules  covalently  bound  though  a  siiar.isation  process  to 
the  surface  of  the  fibre. 

8.2^  Surface  yield  determination 

Two  chemical  methods  of  determining  surface  yield  were  attempted.  First,  a  fluorescent 
technique  based  on  SAED  (sulfosuccinimidyl  2-(7-azido-4-methyl  coumarin-3-acetomido) 
ethyl- l,3’-dithiopropionate)  and  its  interaction  with  TCEPHCl  (tris(2-carboxyethyl) 
phosphine)  was  tried.  Next,  these  results  were  compared  to  radio-isotope  protein  yields 
derived  from  gamma  counts. 

SAED  can  be  bound,  using  the  3-glycidoxypropyltrimethylsilane  protocol,  to  fibres  with  a 
measured  surface  area.  This  molecule  has  a  double  sulphide  bond  that  can  ne  cleaved  with  a 
reducing  molecule,  TCEP.  The  part  that  is  removed  is  the  mobile  iluorescent  moiety.  The 
fluorescence  of  the.se  detached  fluorophores  could  be  measured  on  a  fluorescence 
spectrometer  and  compared  to  reference  concentration.s.  The  re.sulting  yield  is  calculated  to 
be  approximately  0.6  to  5.6  molecules  /.V  or  40-125  pg/mm^ .  This  is  shown  in  Figure  5. 
This  calculation  pre-siipposes  a  surface  area,  rather  than  a  volume.  It  is  likely,  if  the  upper 
range  of  the  calculation  is  used,  that  the  layer  is  at  least  5  molecules  thick.  Another  method 
was  needed  for  comparison. 
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A  radioassay  was  performed  based  or.  the  gamma  counts  from  sodium  ‘“l.  Fibres  of  known 
surface  area  were  prepared  and  bound  through  tl.e  amino-functional  silane  assay  (Appendix 
ni)  to  a  commercially  purified  peptide  {Arginine-Lysine-Aspartic  Acid-Valine-Tyrosine 
peptide).  The  sodium  '“l  should  bind  to  the  tyrosine  in  a  1:1  manner,  thus  allowing  a  good 
approximation  of  the  number  of  protein  molecules  actually  binding  to  the  silanised  fibre. 
Gamma  counts  of  solutions  with  known  concentrations  of  sodium  ^  were  compared  to  these 
received  for  the  radioactive  fibres,  yielding  approximately  0.0 1  molecules/ and  1 25ng/mra^ 
which  was  about  10-15  times  more  than  expected  for  a  surface  area'*^^'.  The  peptide  was 
attached  to  the  fibre  with  an  amino-silane,  which  typically  does  give  rise  to  thicker  (heavier) 
protein  layers’”*’ This  confirmed  the  notion  that  the  protein  layer  was  many  molecules, 
possibly  up  to  10,  thick. 

Lasdy,  scanning  electron  microscopy  of  the  fiore  surfaces  was  used  to  assess  thicknesses  of 
various  protein  layers.  Rough  measurement  of  the  thickness  of  the  layer  was  possible  from 
photos  such  as  shown  in  Figure  6,  which  shows  a  thickness  up  to  approximately  250  nm.  The 


Figure  8.6  Surface  of  a  fibre  with  CTP, 
resolution. 


9. 


surface  layer  must  indeed  occupy  a  volume,  as  opposed  to  a  two-dimensional  surface  area. 
As  shown  in  Figure  7,  the  protein  coatings  were  smooth  from  the  standpoint  of  the  optical 
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Figure  8.7  SOOnm  resolution  of  fibre  with  CTPj-BSA  attached  to  silanised  surface. 

Protein  coat  appears  to  be  optically  smooth. 

wavelength  (500  nm).  This  information,  in  conjunction  with  estimates  for  the  index  of 
refraction  of  the  protein  layer,  were  used  to  develop  a  model  for  the  behaviour  of  the 
fluorescent  light  in  the  protein-tapered  fibre  waveguides. 

83  Novel  waveguide  concept 

Since  careful  definition  of  the  protein  conformation  and  binding  behaviour  was  not  possible, 
it  is  perhaps  better  to  look  at  the  optical  field  in  conjunction  with  what  information  is  available 
about  the  nature  of  the  waveguide.  The  surface  examination  methods  seemed  to  be  consistent 
with  one  another  in  establishing  that  a  multi-layer  of  protein  built  up  around  the  optical  fibre 
that  remained  accessible  to  the  sample,  and  that  was  opticrJly  smooth.  If  this  is  the  case,  then 
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the  protein  coat  could  be  acting  as  an  effective  waveguide  in  and  of  itself,  and  depending  on 
the  actual  thickness  and  index  of  refraction  of  the  material,  the  fluorescence  generated  in  this 
protein  waveguide  may  couple  into  the  mode  of  the  tapered  fibre.  Using  the  computer 
program  described  in  Chapters  to  analyse  the  modal  field  evolution  through  the  tapered  region 
near  the  taper  waist,  a  four  layer  problem  was  evaluated,  with  t.he  lefraclive  index  profile  as 
shown  in  Figure  8.  Ilte  thickness  of  the  protem  coating  (silane,  protein,  fluorescent  label)  is 
approximated  at  0.1 5  )am  consistent  with  estimates  from  SEM  photographs,  and  an  estimated 
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distance  from  core 

Figure  8.8  Refractive  index  profile  used  in  the  computer  model  to  analyse  optical  field 
propagation  for  the  taper  waist  region.  Letter  a  is  the  core  dimension;  b 
represents  the  extent  of  the  cladding;  c  is  representative  of  the  protein 
coating  extent;  and  d  is  the  buffer  extent  (which,  as  far  as  the  model  is 
concerned,  extends  to  infinity). 


index  of  refraction  of  1.6  is  used  for  the  external  protein  coating”*' 


As  the  evanescent  field  of  the  tapered  fibre  mode  interacts  with  material  silanised  on  its 
surface,  the  attached  fluorophores  generate  fluorescence  which  is  actually  carried  along  in  its 
own  mode.  The  energy  of  the  waveguide  is  now  in  both  the  fibre  as  weil  as  the  external  protein 
layer.  The  interaction  between  the  evanescent  field  of  the  tapered  fibre  loop  fibic  mode 
(core- guided)  and  the  fluorescent  mode  of  the  protein  layer  (protein  ring)  occurs  mainly  at 
the  taper  waist.  Figure  9  shows  a  pos.sible  evolution  of  light  through  the  taper  from  the 
viewpoint  of  the  total  mode  of  the  waveguide  system  (i.e.,  the  combination  of  of  the  protein 
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Figure  8.9  Possible  evolution  of  light  through  the  taper 

ring  and  core-guided  modes).  At  the  taper  waist  (Figure  9a),  a  significant  portion  of  L^^e  guided 
optical  field  is  found  in  the  fluorescent  layer.  As  the  mode  travels  along  the  taper  it  seas  a 
fibre  core  of  gradually  increasing  diameter,  and  the  mode  adiabatically  evolves  into  a  core 
guided  mode  when  the  fibre  returns  to  its  full  diameter  ^Figure  9d).  Figures  9b  and  9c  show 
the  field  at  two  intermediate  points  along  the  fibre. 

The  mtxie  suppovled  by  the  total  waveguide  structure  depends  critically  on  the  thicicnes.s  of 
the  protein  layer.  If  the  protein  layer  is  l.'iO  nm  thick,  as  assumed  here,  the  mode  shown  in 
Figure  9  evolves:  this  is  a  second  oaler  mode,  not  llie  fundamental  mode.  The  fundamental 
mode  would  be  light  guided  as  a  ring  shaped  mode  by  the  fiuorcseent  layer,  which  is  seen  at 
thinner  layers.  The  propagation  constant  of  the  fundamental  mode  does  not  intersect  the  (3  of 
any  other  modes,  and  so  the  evolution  of  this  mtxle  can  occur  adiabatically  without  coupling. 
The  fluorescence  capture  efficiency  initially  increases  as  the  protein  layer  decreases  to  about 


97 


100  nrn,  where  die  modal  propagation  constant  crosses  that  of  ise  ring  type  mode,  which  will 
allow  modal  coupling  of  power  at  some  point  along  the  taper- an  additional,  mn-adiabatic 


Core  redius  (microiM) 
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Figure  8.10  Effect  of  the  thickness  of  the  protein  coat  on  the  propagation  constants,  Ps. 

(curves  on  graphs)  of  the  fibre  and  fluorescent  modes.  When  the  crating  is 
0.3  pan  (a),  the  t>s’o  p.f  are  far  away;  when  the  coating  is  cut  to  0. 15  [im  (h). 
the  Vwo  (if  move  closer.  When  the  coating  is  reduced  still  further  to  0.10 
\un  (c),  the  two  (if  for  the  rwa  modes  acmally  intersect. 
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transfer  of  energy,  as  shown  in  Figure  10.  Reducing  the  coating  thickness  still  further  once 
again  allows  the  modCvS  to  evolve  adiabatically,  without  interaction. 

An  interesting  point  to  note  is  that  the  cladding  rnode  and  the  fibre  mode  never  interact,  even 


V  vta  of  ftra 

figure  8.i  1  Inverse  taper  slope  as  a  function  of  V  number  of  fibre:  lower  curve  is  for 
the  fibre  model  i.e.,  measured  on  an  actual  taper);  upper  curves  are  for  the 
cladding  mode  at  two  coating  thicknesses  -  0.3  microns  and  0.15  microns. 
Reducing  tks  coating  thickness  only  moves  the  nvo  sets  of  propagation 
constants  further  away. 

as  the  external  coating  thickness  changes,  as  seen  in  Figure  11.  It  is  only  the  protein  ring 
mode  that  interacts  with  the  corc-guided  fibre  mode. 

8.4  Conclusions 

Although  the  exact  experimental  parameters  were  not  known,  this  effective  waveguide  mode' 
describes  a  method  in  which  the  observed  levels  of  fluorescent  capture  could  occur.  In  fact, 
the  external  refractive  index  of  the  external  buffer  solution  serves  to  enhance  this  effect,  as 
seen  in  Figure  12.  It  must  also  be  pointed  out  that  non-adiabacic  power  transfer  could  have 
occured,  and  not  been  noted  as  non-adiabaiic  behaviour,  as  the  input  power  was  measured  to 
the  taper  (via  a  fused  fibre  coupler)  and  »Jie  fluorescent  power  measured  at  the  output  end. 
Confirmation  of  low  splice  and  lransr.ii.s.sion  loss  through  the  coupler-loop  optical  circuit  is 
performed  prior  tc,  the  fluorescent  sandwich  assay.  Further,  the  exact  dimensions  of  the  taper 
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Figure  8.12  Fluorescence  capture  efficiency  as  a  Junction  of  protein  coating  ihickness, 
given  a  fixed  index  ofrefracnon  for  the  protein  layer.  The  external  index  of 
refraction  is  varied,  os  shown  on  ike  two  curves.  Note  that  this  is 
theoretical  fluorescence  capture  efficiency,  based  un  the  total  fluorescent 
energy  generated. 

waist  and  the  protein  coat  are  not  known  individually,  as  the  SEM  process  is  destructive  to 
the  sensor.  Thus  real  values  cannot  be  used  in  the  computer  model.  Repeatedly  making  tapers 
of  (statistically)  kiiown  slope  and  waist  diameter  should  he  a  focus  for  future  work.  Assessing 
the  index  of  refraction  of  the  protein  coat  could  be  done  on  a  behavioural  basis,  if  the 
dimensions  of  the  entire  waveguide  system  are  known,  and  additional  measurements  to 
confirm  adiabatic  behaviour  (or  not)  are  made.  Also,  the  behaviour  of  proteins  as  a  portion 
of  an  immunoassay  do  not  behave  identically  as  those  proteins  pre-labclled  with  a  maximum 
number  of  fluorophores,  as  used  in  the  experiments  in  this  chapter.  The  rrieasuremenls  made 
here  do,  however,  demonstrate  the  ability  of  the  coated  tapered  single  mode  fibre  loop  to 
capture  far  more  fluorescence  than  is  possible  witli  a  multimude  system,  even  without 
adjustment  of  die  external  refractive  index.  Tapered  fibre  loop  devices  with  low  transmission 
loss,  as  expected,  could  be  repeatedly  made.  The  use  of  silanisaiion  to  apply  selective 
elements  was  demonstrated,  and  a  more  complete  sensor  for  a  specific  analyte  could  be 
devised.  A  further  assay  was  performed  to  model  the  tapered  fibre  loop’s  capabilities  in  a 
more  realistic  antibody/, intigen  assay,  examining  "more  interesting"  chemistries,  xs  is 
described  in  Chapter  9. 
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Chapter  9 


Realistic  chemistries  applied  to  the 
tapered  single  mode  optical  fibre  loop 

Summary 

As  discussed  in  Chapter  7,  the  immobilisation  of  penicillinase  onto  an  optical 
fibre  is  not  very  interesting  from  a  practical  chemistry  viewpoint,  nor  were  the 
model  analytes  cf  Chapter  8.  In  this  chapter,  the  use  of  silanisation  procedures 
in  conjunction  with  more  generic  recognition  elements  are  discussed,  as  is  the 
behaviour  of  the  tapered  single  mode  fibre  loop  as  a  "true"  sensor.  A  more 
complete  immunoassay  than  the  model  systems  of  Chapter  8  is  carried  out,  and 
the  sensitivity  of  the  device  discussed. _ _ 


9.0  Selective  elements  for  optical  fibre  immunosensors 

Antibcdy-antigen  pairs,  as  well  as  enzyme-substrate  ones,  are  suitable  recognition  elements 
for  immunosensoTS.  Both  of  these  sets  of  proteins  can  almost  uniquely  respond  to  their 
respective  otlier  half,  and  if  suitably  chosen  or  labelled,  can  release  optical  information.  The 
immobilisation  of  a  protein  to  a  silica-type  waveguide  can  be  accomplished  covalently  through 
the  use  of  silanisation  processes.  Once  immobilised,  these  recognition  elements  may  be 
re-used,  with  obvious  economic  advantage.^. 

9.1  Reusable  probes 

Typically,  it  is  desirable  that  a  sensor  system  be  reusable  in  some  manner.  In  the  case  ot'  the 
penicillin  sensor,  this  was  relatively  simple  to  regenerate  as  the  penicillin  did  not  hind 
sufficiently  tinaciously  to  the  recognition  element,  and  repeated  rinsing  with  but'fcr.s  could 
restore  the  tapered  fibre  to  its  onginal  configuration.  In  the  case  of  antibody-antigen  reactions, 
this  regeneration  is  not  necessarily  as  simple.  Two  techniques  were  explored:  the  replacement 
of  the  recognition  element  silanised  to  the  fibre  was  investigated,  as  was  the  regeneration  of 


a  reactive  antigen  (to  allow  repeatr-ti  interaction)  similarly  attached  to  the  waveguide.  These 
two  approaches  gave  some  measure  of  the  capability  of  the  fibre  ioop  system  as  a  reusable 
sensor. 


9.1.1  Rcplaceinent  recognition  entity  investigation 

The  ability  to  completely  replace  the  recognition  element  on  the  loop  sensor  was  investigated 
first  Tne  fibre  loop  is  silica,  made  from  the  York  Technology  single  mode  fibre.  The  tapered 
fibre  loop  was  silanised  with  3-mercaptopropyItrimethoxysilane  for  one  hour  at  70°  C.  Next 
a  dithio  was  added  to  the  silanised  fibre  loop  with  Ellman’s  reagent 
(5,5Mithio-bis-(2-nitrobenzoic  acid)),  shown  in  Figure  1.  This  allows  the  formation  of  a 


Figure  9.1  Bound  Ellnw.n ’s  reagent  5,5'-Dithio-his-(2-nitrobenzoic  acid);  figure  is  not 
to  scale. 

mercaptosilane-TNB  (2-niiro-5-ihiobenzoic  acid)  conjugate.  Once  the  binding  of  Ellman’s 
reagent  had  been  confirmed  through  the  use  of  a  cysteine-standard  (cysteine  is  used  here  as 
a  protein  standard  for  the  ELISA  control  as  was  BSA  in  the  penicillinase  experiment) 
ELISA-based  process,  the  conjugated  di-sulphide  group  was  carhoxylated  with 
mercaptopropionic  acid,  releasing  2-nilriv)-5-lhiobenzoic  acid,  which  could  be  monitored 
using  the  cysteine  standard.  The  protein  of  interest  (enzyme,  antigen,  antibody)  could  then 
be  added  to  the  treated  loop  through  the  use  of  N-hydroxysuccinimide  and 
N,N'-dicycIohexylcarbodiimide‘**',  and  finally  the  protein  itself.  A  disulfhydryl  could  be 
reformed  with  ireat.ment  by  mercaptopropionic  acid,  and  subsequent  amination  would  allow 
another  protein  to  he  attached  to  the  fibre. 


This  chemically-treated  tapered  fibre  loop  system  was  tested  with  the  addii'on  of 
FTTC-labeiled  avidin.  Once  the  fluorinated  protein  was  bound  to  the  loop,  the  fibre  was 


illuminated  with  the  488  nm  line  of  an  argoii-ion  laser  (Coherent  Innova  90-5).  Fluorescent 
light  was  collected  at  the  far  end  of  the  fibre  thiough  an  OD-5 15  filter  ,  which  served  to  remove 
the  pump  beam,  combined  with  a  large  area  photo  diode.  The  loop  was  treated  with  the 
mercapropropionic  acid  to  release  the  protein,  and  the  fluorescent  power  was  monitored  and 
seen  to  go  to  zero.  Ariother  solution  of  FTTC-avidin  was  added  after  the  fibre  had  been  treated 
with  N-hydroxysuccinimide  and  N,  N'-dicyclohexylcarbodiimide,  and  the  fluorescent  power 
recovered  to  similar  levels  when  compared  to  the  signal  from  the  intially-treated  fibre  loop. 
The  ability  to  change  the  recognition  clement  "on  the  go"  for  tests  of  multiple  analytes  is 
attractive,  but  the  chemistry  used  was  time-consuming  and  involved  reagents  that  must  be 
bandied  in  a  laboratory  environment  Potentially,  a  better  option  would  be  to  have  multiple 
loops  present  if  multiple  analyte  testing  is  desired. 

9.1Jt  Reusable  probe  with  attached  antigen 

In  this  immunoassay,  the  presence  of  cholera  toxin  vCT)  anribodies  were  sensed  to  test  the 
ability  of  the  recognition  element  to  regenerate  its  icsponsiveness.  .A,n  appropriate  detection 
elcmerit,  either  tlie  B  subunit  of  cholem  toxin  or  CTPj,  a  well-established  epitope  for  the  toxin, 
were  lirked  to  a  silani«ed  tapered  fibre  loop.  A  twe-step  process  was  invesugated  using 
samples  from  blood  drawn  from  volunteers  who  had  expressed  symptoms  of  cholera.  If 
cholera  toxin  antibodies  were  in  solution,  they  would  bind  to  the  antigen  on  the  silanised  fibre 
loop.  The  loop  was  then  exp«.ised  to  a  labelling  solution,  containing  fluorophotes  which  would 
in  turn  bind  to  the  aniibodies  on  the  loop  if  any  were  oresent.  The  regeneration  of  the  system 
was  leeted  by  repeated  use  of  the  same  concentration  level  (or  liter)  of  a  given  blood  simple 
in  conjunction  with  achaotropic  solution,  O.IM  glycine  hydrochloride  at  pH  2.4,  exposed  to 
the  silanised  loop-anlib(.>dy-fluore.scent  label  system  for  1  minute.  This  limit  was  chosen  after 
varying  exposure  times  to  the  glycine  and  sample  solutions,  as  shown  in  Figures  2  and  3.  The 
original  fluorescent  signal  measured  at  the  first  incidence  of  testing  was  found  repeatedly 
(using  the  same  dilution  level  several  times),  verifying  the  viability  of  ibis  simple  regeneration 
technique. 


Seconds  of  expof:ur«  to  sample 

Figure  Restoration  of  expected  reading  after  var^/ing  the  time  of  exposure  to  the 

sample  at  a  fixed  exposure  time  ( /  minute)  to  the  regeneration  buffer. 


Seconds  of  csposur-^  to  sample 

Figure  9>3  Variation  cf  signal  received  upon  variation  of  sample  exposure  time,  at  a 

fixed  exposure  time  ( 30  seconds)  to  the  regeneration  buffer. 

9^2  Complete  assay  of  choiera  to7;in  antibodies 

Tlie  tripered  portion  of  the  optica'  fibre  is  iniiiiilly  treated  with  a  suitable  binding  agent,  in  this 
c^se  3-glycidoxypropyltrime'hoxy.silane.  following  the  protocol  laid  out  in  Appendix  ill. 
This  may  be  achieved  as  shown  in  Figure  4,  by  filling  the  cap  with  the  silane,  placing  it  over 
the  fibre  loop,  and  incubating  it  for  an  hour  at  50°  C,  The  silanised  optical  fibre  is  then  ireaied 
in  the  same  manner  as  described  in  the  application  of  the  model  analytes  of  Chapter  8.  The 


end  resull  is  a  tapered  fibre  loop  with  a  recognition  element  for  cholera  toxin  antibodies  bound 
to  its  surface.  The  loop  with  eiilier  bound  CTB  or  CTB  subunit  derived  synthetic  peptide 
(CTPj)  smtigens  is  then  placed  in  the  solution  potentially  containing  CT  antibodies.  Finally, 
the  optical  fibre  having  the  »  nd  antigen  and  antibodies  is  exposed  to  a  solution  of 
fluorescently  labelled  anti-IgG  and  -IgA  which  will  bind  to  the  antibodies,  if  present.  The 
presence  of  fluorescence  then  indicates  the  presence  of  the  cholera  antibody,  and  the 
wavelength  (526  r.m  for  FITC-IgG,  575  nm  for  TRITC-IgA)  determines  which 
immunoglobulin  was  present. 

9.2.1  Backgit)und  of  the  samples  used  for  the  immunoassay 

This  assay  examines  the  sensitivity  of  the  tapered  fibre  loop  sensor  to  the  presence  cf  anti-CT 
IgG  or  IgA  antibodies  to  sera  samples  obtained  from  human  volunieer  studies  exposing  them 
to  live,  fully  virulent  pathogenic  Vibrio  cholerae  01.  The  samples  were  obtained  from  Dr  M. 
M.  Levine  of  Uie  Center  for  Vaccine  Development  at  the  University  of  Maryland  School  of 
Medicine  and  prepared  for  use  with  the  tapered  optical  fibre  loops  by  Dr  R.  S.  Marks  of  the 
Institute  of  Bio'xohnology  at  the  University  of  Cambridge.  Punfied  CIT,  samples  were 
prepared  by  Dr  R.  S.  Marks  while  at  the  Weizmann  Insiireie  of  Science,  Rehovot,  Israel.  All 
the  measurements  with  the  fibres  were  accomplished  in  the  Engineering  Department  of  the 
University  of  Cambridge.  The  sera  used  as  a  basis  of  the  dili'icd  tilers  (.'Appendix  III)  were 
obtained  from  human  volunteers  before  (pre-sr.r’rm)  and  28  days  after  (post-serum)  oral 
challenge  with  fully  enteropathogenic  Vibrio  choierae  01  Classical  strain  Lnaba  569B.  All 
sera  used  were  from  tliose  volunteers  who  had  shewn  both  diarrhea  and  posiuve  stool  cultures 
for  Vibrio  cholerae  01.  Teal  reaedvity  to  cholera  toxin  was  determined  by  standard  ELISA 
processes*^*^.  .Ml  other  reagents  used  woe  purcha.sed  from  Pierce  &  Warriner. 

Cho’era  toxin  3  subunit-derived  synthetic  peptide  (CT?,)  is  a  well-described  epitope'^^*’  for 
cholera  toxin.  .Mi  epitope  simulates  the  toxin  antigen  w  ithout  carrying  the  pathogenic  acti  v  ity. 
Cholera  v/as  selected  as  a  suitable  basis  for  a  realistic  immunoass^y^ 
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9.2.1. 2  Fluorescent  measurements  end  regeneration  of  antigen  activity 


A  water-cooled  argon-ion  laser  (Coherent  Innova  90-5)  was  used  as  the  excitation  source  for 
both  fluorophores;  the  488  nm  line  was  used  to  excite  the  FTTC-Iabelled  IgG  and  the  5 14  nm 
line  was  used  to  excite  the  TRnC-labelled  IgA.  The  labelled  imnninoglobuiins  were  applied 
simultaneously.  The  514  nm  line  did  not  excite  the  FTTC  nor  did  the  488  nm  line  excite  the 
TRITC.  The  reading  for  the  FTTC-generated  fluorescence  was  taken  using  an  OD-515  nnr. 
filter,  which  filtered  out  the  pump  power  but  allowed  the  fluorescence  (maxima  at  526  nm) 
to  pass  through.  The  ai  gon-ion  laser  was  then  tuned  to  the  5 14  nm  line  (a  matter  of  seconds) 
and  the  fluorcscence  for  the  TRITC-generated  fluorescence  (maxima  at  575  nm)  was  recorded 
using  an  OD-55fl  filter.  The  OD-550  filter  served  to  filter  out  the  source  wavelength  (5 14.5 
nm).  Measurements  of  input  power  for  488  nm  and  5 14  nm  were  taken  as  well.  An  optical 
chopper  in  conjunction  wiJi  a  lock-in  detector  was  used  to  record  voltage  levels  from  the  large 
area  photo  diode.  Tne  signals  were  passed  via  an  analogue  to  digital  card  in  a  personal 
computer.  Sera  samples  diluted  by  a  factor  of  l:.50to  1:26,2 14,400  (Appendix  HI)  were  tested 
for  four  patients.  Non-specific  binding  of  antibodies  or  other  proteins  rather  than  the  cholera 
toxin  B  antibodies  was  minima.,  pre-disease  onset  samples  from  the  same  four  patients  were 
tested  as  well  (.-'.ppendix  HI)  and  had  no  significant  fluorescent  signal  other  than  at  the  1:50 


Figure  9.4  Fluorescent  level  ofTRiTC-uihelled  IgA  as  a  result  of  exposure  to  different 
dilution  levels  of  sera  sample. 
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dilution.  This  noise  level,  as  well  as  photo  diode  noise  and  total  system  noi^e,  were  used  as 
a  baseline  for  detection.  Signals  that  could  not  be  recorded  5  times  above  the  noise  level  were 
rejected.  Tiie  minimum  detectable  dilution  for  IgA  was  a  titer  of  1:26,2144,400,  as  shown 
in  Figure  4,  and  1:13,107,200  for  IgG  (and  converted  to  an  effective  mass),  as  shown  in  Figure 
5.  IgG  was  purified  through  a  selective  column  that  extracted  only  IgG  from  the  otiginai  sera 
sample;  comparing  the  amount  of  IgG  from  a  given  ''olumc  of  sera  allowed  a  calculation  of 
the  mass  of  antibody. 


Detection  of  cholera  antitoxin  IgG  antibodies 
lising  a  CTPr)— mooified  tapered  optical  fibre  loop 
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Figure  9.5  Fluorescent  Agnal  from  FTTC-iabelled  IgG  vrsus  amount  of  IgG  present  in 

various  dilutions  (serial)  of  sera  sample.  1:50  sample  from  /  ml:  20\il  of 
serum  in  980  |i/  of  buffer. 


Tne  Puorescent  levels  seen  in  this  immunoassay  are  also  higher  than  what  can  be  predicted 
using  the  p  +  5  p  estimates,  further  confirming  that  the  coating  of  the  taper  loop  acts  as  an 
effective  waveguide,  as  discvissed  in  Chapter  8.  The  iluore-scent  level  portrayed  on  the  graphs 
represents  percent  capture  of  pump  power:  i.e.,  9.5  represents  0.5%,  or  20  microv/aas  of 
fliiorcscent  light  received  at  the  end  of  the  fibre  taper  tor  4  mW  input  of  pump  tight  at  the 
beginning  of  the  fibre.  Note  at  low  concentrations  some  non-specific  binding  of  die 
fluorophore  may  occur. 
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9.2  Conclusions 


The  immunoassay  investigated  jvas  not  complete  in  the  sense  that  it  did  not  include 
cross-rcacdviiy  controls^,  as  would  be  optimal.  The  use  of  the  synthetic  peptide  helped  to 
reduce  the  ncn-specifvc  binding  in  the  system,  as  the  peptide  is  desigr.ed  to  react  only  with 
specific  portions  of  the  ajtti-CT  antibodies.  However,  the  overall  good  levels  of  sensitivity 
are  comparable  to  (and  even  better  dian)  current  optical  systems'^’'”'.  More  in-depth 
investigations  should  focus  on  developing  the  means  to  make  repeatable  tapers  in  both  waist 
thickness  and  overal!  taper  length,  as  well  as  the  ability  to  apply  layers  of  known  and  repeatable 
thickness.  This  rvot'ld  allow  suitable  statistical  analysis. 

The  fluoiescent  capture  levels  seen  in  the  cholera  toxin  im.T.unoassay  confirm  the  novel 
waveguide  structure,  as  discussed  in  Chapter  8.  Since  the  immunoassay  performed  here  used 
more  realistic  assay  components  than  those  of  Chapter  8,  the  potential  of  the  tapered  single 
mode  loop  to  perform  as  a  useful  element  of  a  sensor  system  is  confirmed.  Further,  the 
attractiveness  of  the  tapered  fibre  loop  is  enhanced  by  the  ability  to  re-use  the  system  through 
a  relatively  simple  process  of  chemical  treatment.  The  tapered  fibre  loop  can  potentially  be 
exploited  in  other  areas  of  chemical  and  biological  sensing,  as  is  discussed  in  Chapter  10. 
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Chapter  10 


Conclusions  and  proposals 
for  future  work 


Summary 

This  chapter  discusses  future  work  that  could  be  carried  out  to  refine  the 
characteristics  of  the  tapered fibre  loop.  A  number  of  straight-forward  follow-on 
experintfnts  are  proposed.  The  overall  results  of  this  research,  as  presented  in 
this  dissertation,  are  summarised. 


10.0  Future  work 

The  studies  pcrfonr.ed  in  the  course  of  this  research  have  demonstrated  the  concept  of  a  novel 
waveguide  system  adapted  for  use  in  biological  and  chemical  sensing  applications.  The 
various  experiments  discussed  in  this  thesis  established  a  proof  of  priiiciple.  In  order  for  the 
limits  of  performance  of  the  taper  single  mode  loop  fibre  sensor  to  be  well-defined,  much 
more  work  must  be  done  to  statistically  establish  the  requirements  for  die  selective  coating 
(refractive  index  and  thickness),  the  uniformity  of  layer,  the  required  taper  length,  waist 
diameter  and  radius  of  curvature.  This  sensor  then  can  be  applied  towards  other  areas  of 
interesting  research  with  a  well-defined  understanding  of  its  expected  behaviour. 

10.1  Luminescent  Techniques 

A  physical  system  emitting  luminescence  is  losing  energy  and  some  form  of  energy  must  be 
supplied  from  elsewhere.  Most  kinds  of  luminescence  are  defined  according  to  the  source 
from  which  thLs  energy  is  derived.  Energy  from  a  chemical  reaction  may  excite 
chemiluminescence,  and  chemilumi,nesc**nce  reactions  taking  place  in  living  organi.sms  give 
rise  to  biolumir.escence’”*'.  Bioluminescent  reactions  are  generally  catalysed  by  specific 
enr.ymes  of  ‘luciferases’.  Considerable  interest  in  applying  luminescent  techniques  to  optical 
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fibres  has  been  seen  as  this  would  eliminate  the  (potentially)  costly  light  source  from  the 
sensor  system.  However,  the  problem  of  detecting  the  luminescence  remains.  Because  of  the 
unpredictability  of  the  light  source,  signal  to  noise  ratios  are  likely  to  be  lower  than  those 
generated  by  fluorescent  systems.  No  optical  chopper  at  the  source  can  be  used  to  influence 
the  behaviour  of  received  light  An  optical  coupler  could  be  used  in  conjunction  with  the 
system  in  order  to  give  a  background  "dark”  reading  to  compare  to  the  signal  at  a  specific 
wavelength,  integrated  over  time.  There  are  a  number  of  chemical  systems  currently  reported 
in  the  literature  tliat  have  been,  or  coaid  be,  used  in  conjunction  with  optical  fibres^  Many 
of  these  systems  rely  upon  the  use  of  a  membrane  to  attach  the  chemical  elements  to  the  optical 
fibre  tip.  This  would  not  be  required  in  the  case  of  a  tapered  optical  fibre,  and  depending  on 
the  system  being  used,  a  relatively  simple  optical  detection  device  could  be  used  (photodiode 
in  conjunction  with  a  selective  wavelength  filrer).  Application  of  the  luminescent  material  in 
layers  of  controllable  thickness  and  uniformity  would  have  to  be  tried  before  the  efficacy  of 
such  a  system  could  be  determined. 

10.2  Surface  plasmon  resonance  (SPR) 

Another  method  of  examining  chemical  behaviour  could  rely  on  the  application  of  a  thin 
metallic  film  to  the  tapered  fibre.  Surface  plasmon  waves,  as  discussed  in  Chapter  2,  have 
traditionally  been  used  in  conjunction  v/ith  evanescent  waves  of  optical  systems.  The  use  of 
optical  fibre  would  elimina’e  the  requirement  of  coupling  the  light  in  and  out  of  a  prism,  as 
typically  used  in  SPR  applications’^^'.  Further,  the  use  of  a  thin  (500  A  )  film  of  silver 
provides  a  surface  for  chemical  deposition  with  well-known  characteristics,  simplifying  the 
chemiril  requirement  for  a  tapered  single  mode  fibre  sensor.  Work  by  otlier  researchers 
has  utilised  multimode  fibre,  with  its  inhere 't  complexities  of  density  of  modes  propagating 
and  the  behaviour  of  each  one.  The  change  oJ  diameter  along  the  taper  to  and  from  the  waist 
serves  to  change  the  effective  index  of  refraction,  n^  and  this  can  be  used  in  Equation  1  below 
to  phase  match  with  the  plasma  mode. 


t  i  i  .23, 1 22. 1 26. 1 27. 1 2S,206>:07,244, 82,94. 1 60, 1 88,209,224,28S1 
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is  the  external  index  to  the  fibre/metal  surface,  usually  1.32  in  biochemical 
assays.  K  is  the  imaginary  part  of  the  metal’s  refractive  index. 

As  in  the  effective  waveguide  system  described  in  Chapter  7,  the  two  modes  at  some  point 
along  the  taper  can  couple  energy  from  one  to  the  other.  It  should  be  possible  to  measure 
changes  in  external  refractive  index  as  shifts  in  the  output  SPR  wavelength  spectrum  with  a 
silver  (or  gold)-coated  lapered  fibre  loop. 

103  Visible  wavelength  semiconductor  laser  light  sources 

.Another  potendal  area  for  improvement  of  this  fibre  loop  is  to  apply  a  different  sort  of  laser 
source.  Systems  such  as  water-cooled  argon-ion  laser  are  very  stable,  very  efficient,  and 
typically  very  large  and  expensive.  Recent  developments  in  blue  semiconductor  lasers, 
particularly  those  expected  to  be  available  soon  from  Coherent,  will  allow  a  much  less 
expensive  and  bulky  laser  system  to  be  coupled  directly  into  the  input  end  of  the  tapered  single 
mode  fibre  loop  sensor.  Further,  modulating  the  semiconductor  laser  and  providing  that 
moduladcn  as  a  reference  signal  is  a  simple  matter.  The  experimental  work  performed 
tliroughout  this  research  relied  upon  on  low  input  power  levels,  with  much  of  the  tapered  fibre 
work  performed  with  input  pov.-ers  below  4  mW.  Several  sources  currendy  avauable  can 
provide  this  level  of  power.  Remaining  in  the  visible  spectrum  allows  the  use  of  common 
fluorescent  labels  such  as  fluorescein  and  rhodamine  derivatives.  Numerous 
fluorescent-based  assays  and  prot'ocols  currendy  exist  and  can  be  readily  applied  to  the  taoered 
fibre  system.  The  inherent  sensidviiy  of  the  fibre  sensor  would  provide  benefit  as  a  diagnostic 
tool.  With  the  influx  of  blue  (and  other  visible)  wavelength  semiconductor  lasers  into  tne 
marketplace,  the  cost  of  such  components  will  drop  from  prohibitively  high  levels  (as  have 
other  laser  components  done  in  the  past). 
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10.4  Conclusion 


This  dissertation  has  presented  the  development  of  a  new  optical  fibre  biochemical  sensor 
based  on  a  tapered  single  mode  optical  fibre  loop.  This  sensor’s  characteristics  have  been 
demonstrated  to  be  orders  of  magnitude  better  than  those  of  existing,  multimode  evanescent 
field  fibre  devices.  Initially,  the  ability  of  the  tapered  fibre  itself  to  perform  evanescent 
absorption  as  well  as  fluorescent  capture  were  demonstrated.  Next,  the  robustness  of  the 
tapered  single  mode  fibre  in  a  macrobend  (loop)  was  confirmed,  and  its  ability  to  perform  as 
a  waveguide  re-esublished.  The  looped  configuration  led  to  the  discovery  of  a  new  effective 
waveguide  system  that  allows  for  extremely  efficient  fluorescent  energy  capture  and  thereby 
great  seasitivity  in  tluoresccnt  assays.  Tapered  fibre  loop  sensors  can  therefore  be  used  in 
many  biochemical  assays,  and  in  novel  .sensing  arrangements  to  gain  information  about  the 
chemical  constituents  of  samples. 
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Appendix  I 


Summary  of  Chemical  and 
Biological  Sensors 


This  appendix  attempts  to  summarise  most  of  the  information  available  in  the  recent  literature 
on  chemical  and  biological  sensing  systems.  The  articles  presented  here  are  arranged  by 
analyte,  and  each  entry  has  the  details  of  the  experiment  described  in  the  article.  Many  of  the 
papers  discuss  optical  fibre  sensor  systems,  though  other  techniques  are  repre-sented.  The 
method  of  detecting  the  analyte  (character)  is  described  in  terms  of  extrinsic  (for  example,  the 
waveguide  merely  carries  photons  rather  than  electrons)  or  intrinsic  (a-n  evanescent  reaction 
or  other  inherent  character  of  the  sensitive  element  is  used),  as  well  as  the  means  of  detection 
(property):  luminescence,  fluorescence,  absorption,  reflection,  or  other  technique.  The  state 
of  the  analyte  is  reported  as  gas,  liquid,  solid,  or  any  other  important  attribute  (i.e.,  blood). 
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Figure  I-l  Sensing  arrangj'nents  used  in  the  chemical/biochemical  systems  reviewed 
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Figure  I-I  Sensing  arrangements  used  in  the  chemicaUbiochemical  systems  reviewed 
in  Table  I 

The  methodology  of  selectively  interacting  is  noted:  reagent  and  means  of  immobilisation. 
The  access  to  the  sensitive  element  of  the  .sensor  system  is  desreibed  -  membrane  (if  needed), 
as  is  the  optical  fibre  ;ind  its  arrangement  (bifurcated,  face  to  face,  side  by  side,  coiled, 
perpendicular,  two  way  one  way  -  other  technologies  are  rioted  in  this  category).  La.^lly.  the 
details  of  the  optical  source  and  detectoi  element  (including  type,  response  time  and  levels 
achievable)  are  presented. 
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Pyridio 

Aquoeous 

impervKMts 

White  ii^  source 

PD 

k1>iare*ceBce 

Ad-K/ptioo 

Silica  (7) 

Nooe 

- 

Aq^i-rout 

None 

Two  way 

600  nm 

Nearly  instantaneous 

Co**,  Ci^,  Fe^*. 

Pc’*.  Ni^*,  NH4* 
|U| 

e  Oriatk/  reversibie 

f^hotlamiiK  6G 

Kooe 

XeooQ  while  light 
sot'ste 

PMT 

nuoraceoce 

RACrapmenc 

Silica 

500  nm 

Limit  of  1  X  10"*  M 

AqueoMf 

Naftoo  nim 

S^ic  by  side 

550  nm 

Less  than  !  minute 

Etecgotytea 

extriasic/  reversiak 

Near^lR  spe<,mtm 

None 

White  light  source 

Spectrometer 

redectaaoe 

None 

Plastic 

Rapid 

Aq'jeota 

None 

Face  to  face 

- 

Varied  per  analyte 

^"SS\“ 

iooinjiic/  reveriible 

ABTS 

fdunurooium  2, 
Z'^azmybts 
(3-td»y!bena> 
(lu42oi  i  a  V<^su  Iphaisci 

e| 

None 

White  light  source 

PMTfT) 

absofpuoa 

Covaieol 

None 

578  nm 

Limilof  8»I0'*M 

Aqt'eoui 

CootroJIcd-pore  glast 

None 

578  nm 

Rapid 

FTTC  (model 
Uttly*:) 

|L»I 

inoinrie/  irrev-rjiofe 

mr 

Nooe 

Quartz  hdegeo 
white  light  sovrre 

PD 

nuoresceace 

AdsorpliOQ 

Silica  (T, 

4?  5  nm 

. 

Aqueous 

None 

Ore  way 

530  nm 

- 

Fluoride 

tun 

ejChafic/  rrversibk 

Altzans  Fiuonne 
Blue 

None 

Quartz  halogen 
white  light  source 

PMT 

rboorpriue 

Aettorpsioo 

PUjiiic 

660  nm 

0.16  to  0.96  mM 

Aqueo>a 

Siyreoc 

divinyibeocene 

Bifurc;;ted 

660Din 

12  minutes 

PmcUJM  (mtxiel 
afuJvte) 

incnnstc/  rev«rsib*€ 

Silver  film 

None 

Tungsten  halogen 
white  light  source 

CC  D  Jfray 

safsce  piun>^ 
rexoAxace 

Evaporaied 

Plastic 

iro-wo  .im 

4  3x  I0"*'o7,.':x 

!C'^  iivlex  of 
rcfra-'Hon  unit* 

L— .iimi.. 

AqueoMs 

N<  ne 

One  way 

400-900  rm 

Rapt«l 

t*." 


Ansiyta 

[Refarance] 

||||||||||p||^p>||||^^ 

ChSi'actar 

Reopent 

Membrane 

LIqbt  Sourca 

Sector 

Property 

Inuncfadization 

Optical  Fibre 

iUnput 

Dynamic  Range 

Senwl* 

SlJDDOrt^  ^ 

Arrantieir/0jit 

X-Ana  lysis 

GasoJioe 

(71i 

iathosic/  r^venibk 

None 

None 

LED 

PD 

absocptior 

None 

Plastic 

- 

Liquid 

None 

One  way 

- 

Rapid 

Ch'CDW 

Ul 

(xthask/  reversible 

Bii-a,4. 
6>crKbioropbcQy() 
oauUie;  ;ierylefie; 
glucose  oxi^ase 

ImmuMMjyQe 

L-jmiiKjceiice 

• 

chemilumimisceace 

Crvyem 

Silica 

- 

3  X  Iff-  (0  6  *  Iff’  M 

Aqueous 

Nylon 

Perpendioilar 

- 

4  to  10  .'econds 

GIucom 

lUll 

extrinsic/  reversib^ 

rluorescein  and 
dextrao 

No.:* 

Xenon  wfnte  light 
source 

PMT 

Huorrsceoce 

Solution  (competing 
ligakkd) 

Silica 

490  am 

5C  '0  400  mg  % 
glucose 

Aqueous,  blood 

None 

Two-way 

515  em 

5  to  7  mitrJtes 

GIucom 

lUT] 

extrinsic'  reverrible 

FTTC  +  dextrao 

None 

While  light  :ourco 

PMT 

fluorescence 

Solution  (competing 
ligand) 

Sil  =»(?) 

470  am 

0.5  to  5.0  pig/ml 

Aqueous 

None 

Two-way 

520  3m 

5  minutes 

GhtfamioB 

inLT’.uic/  reversible 

GtUaniinose  anu 
glutamate  oxnUse 
ana  (umiDOl 

Now 

Lumincfcence 

PMT 

che  tni  lumi  nesce  nee 

Adsoiptioo 

Silica 

1  to  ICO*  Iff^M 

Aqueom 

Styrene 

diviDylbenzenc 

Bundle 

- 

2  miauics 

H;0  (mcMkl  anaiyt;) 

intrinsic/  rtvcrs'ble 

Silver  haiide 

None 

Diode  laeer 

Pyroelectric  detector 

ebsorptioa 

Oopinf 

PoiyoryjljJlin* 

1.56  to  \.92  microns 

Aqueous 

No»ie 

One  way 

1.56  to  1.82  micnxu 

Riipid 

H2O  (fnodel 

112^ 

intrinsic/  -evcrsiW^ 

Silver  halide 

None 

L>iode  laser 

Pyroelectrc  dciecioe 

ibwtptioo 

Doping 

Polycrjstalline 

1.56  to  1.82  micn^s 

- 

Aqueous 

None 

One  way 

1.56  to  1.82  microns 

Raind 

H2(>3 

enrituic/  reversible 

Peroxidase 

Immunodyne 

Lii»Tvaejceoce 

FMTr.T 

c^verui  ]umi  cercc  ocf 

Tov^ot 

P!n»tic  (7) 

- 

03*  Iff* to  ion* 

10  *  M;  iiiiJit  of 

C.05  *  !0*  M 

Aqueous 

GtuiaraJdehyde 

Bundle 

- 

30  u'comt.i 
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Anaiyts 

[Rsfsranc*] 

Ctwractef 

Reepert 

Membran* 

Lipht  SourcA 

Detartw 

Property 

Immobilization 

Optical  Rbra 

Wnput 

Dynamic  Range! 

SAmole 

Afrangamcnt 

^  Reaiwny  Time  j 

HjOiATP. 

NAx^H 

^xtnBsic/  revenibto 

Peroxidaie,  rir^ny 
luri/en*e,  bieiirym 
rynemcf  marine 
becteria 

ImnuBodyne 

Lumiiuceaca 

PMT 

cherri  luminesceiKe 
bktkimiaeiceiior 

Adsorptioa 

Silica  (7) 

Aj  appropriate 

2il0'*to 
1.6al0^;18i 
Iff"’ to  1.6  a  lO"* 

M;  1  X  Iff’  to  3  X 
10"*  M 

Aqueoui 

ImriuoodyM 

msftibnae 

Bicadle 

Aa  apprcpriala 

1  miwute 

H}S 

exlriaiic/  irreversibk 

A.  N-dimethyl- 
p>pbetiyleiiediar'« 
(forms  fmihylcM 
bhie> 

None 

Tunfsteo  halcgeo 
white  light  sc.^xe 

PMT 

aosorpbot 

Adsorbed 

Plastic 

690  nm 

Ol  1  to  0.7  mol/l 
(63  ppm  limit) 

Aqueow 

Citioaic  exchange 

rutt) 

Buadie 

690  nm 

1  minute 

«]uhuic/  irrev«rsibi« 

Lexd  acetate 

Nnne 

Quartz  haiogeo 
white  souce 

PMT 

alMorpoo* 

Aurorptioa 

Plastic 

580  nm 

LilVail  of  ppb 
(Volume  to  volume) 

G1U0.U 

CellukMe  (pape/^ 

Bifurcated 

5x0  um 

tOaecondx 

HCN 

1J3| 

cxarituic/  irrevenibit 

FV^*^**' 

pyrimidinetroae 

None 

Tungsteo  halogen 
white  light  source 

PD 

ab«orp(ia« 

Adsorprioa  (?) 

PliaftiC 

6O4.M0iun 

1 10  lOpl/l 

G«*eoui 

Styrene 

divinylbenzene 

BtfUraie4j 

604,  540  nm 

\  minute 

HCN 

cxthuK/  oTrXTiibk 

4*picotine, 
chkmmine  T 

None 

LED 

PD 

lbwrpOo« 

Adsorpitofi 

Siliia  (7> 

560,  555  nm 

Linui  of  to  X  10’^ 
(v/v, 

Air 

Styrene 

divinvlbetizene 

Bif‘in:a«d  D 

560,  635  nm 

1  minuta 

Ha.  MHj 

Ufst 

eaviuic/  revwjcW* 

Cresot  Red  ♦ 
cryptocyanine; 
eountfrie  540A  ♦ 
creaoi  violet  ♦ 
it>cdani«ee  6G 

Noce 

M>pur<t(]ed  dye  laser 

PMT 

nutv«Kefic« 

Adsorptioe 

f’UMie 

540  nm  (7) 

l.!x  10"‘mcl/t;5.6 

X  Iff’  moM 

Ov^out 

y 

Two  way 

i50  nm  (7) 

1  second 
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AnaiytG  Charactaf 

^(ciranca]  P 

Cn 


Samcto 


HcmosloiNa  «jtniuic/  reversibte 


Ket'oerit 


ImsTiobilizatlon 


SuTJDort 


Mambrarw 


Llaht  Source 


Wn 


Detector 


ibsorptia* 


Bloort 


Hemofio6<o 

None 

Solution 

Silia  (?) 

— 

Tun;jteii  lulogea 
wliite  lighi  source 


ResDonre  Time 


Diode  amy 


H'jmidUy 

exthuic/  reversible 

F' 

Crystal  Violet  + 
Malachite  greea 

None 

Deuterium  white 
iigM  source 

Photodetector 

j4»orp6oci 

Adsorptioa 

Qutnz 

AOO-iCO  !un 

0-50%  RH 

Giseoiu 

VaTioa 

Two  way 

400- SCO  am 

30  seconds 

tAthitfie/  reversible 

Ruoresceian*exas 

RedmPTS 

None 

Xenon  white  light 
source 

PMT(7) 

fluoresce  ate 

Adsorption 

Silica 

4*0.  570,  450  nm 

500tl0*g/mi 

A<)i«eou& 

Polymer 

Two  way 

52a6ia5l5nm 

Slow 

(diffusioo- 1 1  mited) 

Iodine 

inchasic/  reversible 

Polymer  jacket 
(fitice) 

Soot 

Argoo-too  laser 

Diode  array 

nuoresceoce 

Nooe 

Fused  silica 

nm 

Limit  of  30  mTorr 

Vaooir,  Aqueous 

None 

One  way 

605  nm 

12  sortitibi 

lone  (Al’^d  i 

(«»1 

exfriosic/  reversible 

C  atoeifl  (2*.  T  - 
{(bts<carhoiyme«hy1) 
amiAoj  .itefhylj* 
nuorcccetn)  cr 
fluorexoQ 

None 

Tungsten  halogen 
while  light  fcurc* 

PMT 

fluoresce  ace 

Adsorbed 

;>iika 

490  nm 

. 

Aqueous 

Cellulose 

Bih'fcated 

520  nm 

Rapid 

1 - 

earhask/  revo’siUe 

Cr.Twn  ette 

PTFE 

Tungsten  hdiiogen 
wh.ne  light  source 

PMT 

reflectaAcs 

Adsorpiioe 

Plastic 

to  '  to  !0  ’  M 

Aq’ieout 

Styrene 
divinylbenzi:  4ie 

Bifurcated 

1 

! _ 1 

557  nm 

1 

1 _ 

5*-7  min'Jtes 

Liquid  dropietj 
llM) 


esin«::cf  reversiMe 

Nile  blue  and 
vmltnomyciA 

PVC/^liStK 

7uogsieo  halogen 
white  !'ght  svaance 

PMTI?) 

fhmreaceac* 

Adserpeioa 

Silica  (7) 

550  nm 

5  a  lO'^io  100  a 

io’m 

j  Aqtieotw 

PVr^aytki/er 

mtature 

Bifurcated  (7) 

650  nm 

1  minute 

imrtruK/  reversible 

Leaky  rays 

Son* 

LEDcr 

se'^condticicr  laser 

absorpooa 

None 

Silica  C?) 

R50  nm 

Liquid 

NOHb' 

Face  to  face  (tapered 
ijT  'ocladl 

S50  nm 

• 

■ 


AraUyta 

[Referenca] 


Muciay 

iu*j 


MetAane 


C^.^rect8r 


Pro 


Samota 


txtriuic/  revf»5ibl« 


hioiumiiKicssce 


iotriiuk:/  rfTnenMc 


absofptio* 


Gu.'mu 


Membrane 


immoblllzatbn  !  Optical  Fibre 


Su 


Mer 


Criviiieot 


Nooe 


Nooe 


Nooe 


None 


Arrarwernent 


Noae 


Silica  (?) 


BiAircated  ('?) 


Nom 


Silica 


D-fibre,  one  way 


Light  Source  Detector 


Wn 


Resixinse  Tline 


PMTT/ 


1 

MeH  aoe 

1 

Spectn 

None 

[Ui\ 

j  iolnasic/reveriible 

dhsor^ioi 

None 

Silica 

Gaeeoua 

Nooe 

I>shaprd  (pdiihcd 

1 

1  or  prefonn) 

extriasic/  reversible 

Luciferase 

Gas  permeable 

che  mi  1  um  i  aeace  oce 

Covale  o< 

Silica 

Aqusocs 

■None 

Bifurcated 

bidunijoeaceacc  |  Adaorption/covalenl 

I 


Aq<«ou>  Collagcii  film  cr 

poly  (vlay)  alcohoO; 
polyamide  membrane  | 


Polyamide 


Plastic  (7) 


Fabry-Perol  resonalo 


I 

l.66inicrDOs  I  Limit  of  1000  ppm 


I.bA  mkrotu 


Semiconductor  laser 
(?) 


1.66  microns 


1 .66  microns 


Lumincscrnce 


PMT 


4010  190  i  I0‘*M 


30  seccaiiJ 


PMT  (7) 


50  a.Ti 


Lumioejcroce 


LimK  of  iOpmoJ  (lo 

1  nmoO 


NHi 

I’l: 

iBtfiestc/  rr\ersible 

Bromothymol  blue 

Notic 

Quartz  halogen 
while  ligid  souce 

PMT 

mOoctance 

Adscrplioo 

Plastic 

3?0nm 

1.3  X  10  ’io60a 
lo’moM 

OaseoiM 

Hy(»op*«lic  potyr.jer 

nuina 

Two  way 

550  nm 

20  seconds 

NHi 

KevasiMn 

Oaazine  perchlorate 

None 

LED 

PtiotodaAfistor 

ahaorptioa 

Sprey  coaled 

Nooe 

560  am 

Limit  of  6*3 

Gaseous 

Capillary  tube 

560  nm 

Miaufes 

NHt 

IjiaJ 

iatriasic/  reversible 

ProfnocresoJ  purple 

Nore 

Tungsten  halogen 
vrhite  hghc  source 

PD 

j^Morptioo 

Solutioa 

Alkali  bcrosiiic 

.tgo  nm 

Liniil  nf  TOO 

Oi*«ou« 


Frfo*js  cladrling  cf 
Tibre 


One  wty 


580  nm 


8  to  9  mimjte^ 


Anaiyt* 

[Kefersncj] 


Character 


Samole 


Heaqeiit 

Mambrano 

Immobilization 

Optical  Pbra 

Suoport 


ht  Soured  Detector 


Wnout 


Arranoement  I  X-AriaVsIs  I  Response  Time 


NHj.  !ia 
iMl 

iocrinsic/  reversible 

Thymol  blue 

None 

Halogen  white  light 
source 

SolaT'Cell  detector 

absevptior* 

Doped 

Plastic 

Speemun 

Limit  of  10  ppm 

Gaseous 

None 

Oor.  way 

Spectrum 

Few  minutes 

.MH4* 

extrinsic/  reversible 

Bromophenol  blue 

G>aS-perTneable 

LED 

PD 

absorptioii 

Adsocpcioo 

Plastic 

593,  660  nm 

Limit  of  3  r.  lO"*  M 

Aqueous 

Gas-permeable 
(Tcfloo)  mcmbrxnc 

Bundle 

595. 660  nm 

1  (0  10  minutes 

NH.1+ 

|3!J| 

extrinsic/  reva'sible 

Otiorcpbeool  red, 
bromothymol  blue 

gas  permeable 
membrane 

Quartz  halogen 
while  light  source 

PMT 

absorption 

Solution 

Ptaflic 

578,  61  Sum 

10  to  300  *10  *n: 

Aqueous 

None 

Bifurrated  bundle 

578,  618  nm 

6  to  13  (TLilUtes 

N02.  HCI,  02 

(^1 

iotnnsic/  rever.sible 

T  e  trphe  n  y !  porph  i  oe 
OVP) 

None 

While  light  souce  (?) 

PMT 

nuoresceoce 

Langmuif  Bldogett 

Silica 

440  nm 

I  to  10  ppm 

Gaseous 

None 

None 

652  nm 

1  minute 

Nile  blue  nilfue 
(molcl  aaaiyte^ 
|»«l 


absorptioo 


Gaseous 


Soluftoo 


Sample  well 


Silica 


BiTurcaled 


Tungsten  haiogeo 
white  light  source 


335.  350  nm 


353,  550  nm 


Limit  of  5  X  10*®  M 


Minutes 


Na** 

133*1 

extiinsic/ reverjible 

Rhodamine  6  4*  lipid  | 
membrane 

Voo' 

Xenon  white  li^hi 
source 

PMT 

fluorescence 

Adsorption 

Silica  (?) 

540  nm 

10  lo  100  niM 

Aqueous 

Lipid  membrane 

Bifurca:ed 

620  nm 

Rapid 

NaOH,  O' 

(3«i 

eztnosic/  reversible 

Bromuthymol  blue 

Cation  exchanger 

White  light  source 

(7) 

PMT 

abroipOofl 

Solution 

Silica  •?) 

350  nm 

4  lo  30%  (w/w);  10 

i 

ppm  C^‘ 

Aq'trous 

None 

TriAacaied 

550  nm 

25- 103  secofHJs 

loCnosic/  reversible 

( 

Nile  Blue  sulfate  salt 
(Niiblnuxulfat) 

None 

absorptioa 

SoiuiHM 

Silica 

Aqueous 

None 

One  way,  polished 

' 

extrinsic/  reversible 

Qxiino^alioe/quinol-ne 

None 

.1 

fluorescence 

C'ovalent 

Plastic 

White  light  source 
(Ti 


Limit  of  0.06  g/n»l 


Rapid 


Xenon  whit  -  light 

Dioiie  array 

source 

Gaseous 


None 


Two-way 


530  nm 


I  minute 


Anaiyts 

[Refcranca] 


Cha  factor 


Mo  mb  f?  no 
Optical  Flbfo 
Arrancement 


Light  Sourea 
Xftnput 


Dotector 


Pro 


Samplo 


Raagant 


immoblliiatlon 


Support 


Rffsnonsa  Time 


Noopofar  jotveou 
llMf 

iotriosic/  reversible 

Oxazioe4 

perchlorate 

Polymer  cUddici 

Tungsten  halogen 
white  light  lource  or 
LED 

PMT 

absorption 

SofutioQ 

Plastic 

500-650  nm 

2a  lO'^to!  a  10“* 

M 

Solutioo 

Sample  cell 

Coiled 

500-650  nm 

. 

Organic  fluids 

I2»ii 

iotrinsic/  reversible 

Rhodamioe  6G 

None 

Argon-ion  laser 

PD 

absorption 

Solution 

Fused  silica 

514.5  niT) 

Limit  of  lO'^cnvI 

Aqueous 

Mooe 

One  way  (unclad, 
coiled) 

514,  5  nm 

Ripid 

inthosic/  reversible 

Tris  (4-5-<Iiphenyl-l, 
I0-(iMAaiKhroli«»e) 
Ru^ 

None 

Nitrogen  laser 

Fluori  meter 

che  mi  ( umi  oesce  nee 

EAtrapmenl 

None 

337  am 

0  to  160  (a-T 

Gaseous 

Silicone  films 

None 

610  nm 

15  seconds 

“H" 

extrinsic/  reverstfc4e 

Co(Hbh 

Hydropiiobic 

Tungsten  halogen 
white  light  source 

Spectrophotometer 

absorption 

Capilbfy  tube 

Silica 

Visible 

Limit  of  0.01  ppm 

Gaseous 

Row  cell 

Bifurcated 

408.  440,  720  nm 

2  minutes 

1.  r.  \ 

3*-ictraeifiyt-2, 

2**bt(imida‘nilidiuni) 


Lumine^^ctoce 


che  mi  1  umi  nesc«  Dce 


Gaseous 


extriask*/  rrs'ersible 

BkndcelU 

None 

White  light  sorjrce 

ahsorphoa 

Solution 

Silica 

640.  805  nm  (7) 

extrinsic/  reversible 

Coumarin  Xlffl 

iluoresceoce 

Adsorption 

Ganot  us 

Styrene 

diviny1be"xeoc 

intrinsic/  reversible 

9.  iCMiphetiyl 
anthracene 

fluorescence 

Core-doped 

Side  by  side 


PTFH 


Plastic 


Bi/urcsied 


640.  805  nm  (?) 


XenoQ  white  light 
souve 


Limit  of  1  ppm 


20*24  seconds 


PD 


Rapid 


Ruorimetef 


Oio  10% 


40  seconds 


XcnoQ  whit-  light 
source 


Gaseous 


None 


One  way.  undad 


560  nm 


Peniciiiia 

(U2] 


P^niciliio 

U«il 


Pentcillio 

am 


Pcnfctllio 

ixrn 


At:«lyt« 

Character 

Rea  cent 

Memb^^ne 

LIqM  Socrca 

Detector  i 

[Rttfersnc?] 

Property 

Immobiltzatlon 

Optica]  ribra 

Wnput 

■  mil  i!^i7!m*?i 

Sijpoort 

irumnSmnDDBM 

_ fcAriaMla _ 

R'ssoonss  Time 

iothaiic/  reversible 

9.10-<iipbeayl 

anchraceoe 

1 

Nooe 

Xeooo  white  light 
source 

PMT 

fluoresoeace 

Core>doped 

Fused  silica 

390  nm 

Limil  of  0.01  »»r.. 

Gaseouf 

None 

One  way.  coiled 

430  nm 

Seconds 

extrinsic/  reversible 

peryleoe  dibutyrate 

Hydrophobic, 

poiypropy^ne 

Deuterium  lamp 

P.MT 

nuoruceoce 

AdsorptioQ 

plastic 

420  am 

3  .o  15  %  Ch 

Blood,  aqueous 

Organic  polymer 

Side  by  sid^ 

500  nm 

30  seconds 

extrinsic/  reversible 

Pyrene  +  perytene 

Flowcdl 

Xenon  white  light 

sour:.e 

PMT 

fluofescence 

Adsorbed 

Plastic  (7) 

320  nm 

0  lo  100%  Oxygen 
(vA^) 

Gaseous 

Silicone  prepolymer 

Bifurcated 

476  nm 

1  to  2  seconds 

Peniciiiia 

|7*! 

iotrifuic/  reversible 

Procion  Blue  MX-G 

None 

QuaCiX  halogen 
white  tight  soiirt;e 

PD 

absorptioo 

Covalent 

Silica 

633  nm 

0.4  to  4  irM 

Aqueous 

One* way  (polished) 

633  nm 

IS  seconds 

I  to  3  niinutrt 


fluoresce  oce 


Aquemtf 


CovaJent 


Dextran 


Silica  f?) 


Bifurc-4e4 


White  light  .soi»rcc 

(7) 

Diode  array 

490  nm  (?) 

1  to  10  mM 

320  nm  (7) 

1  minute 

Penicillin 

Iiwi 

extrinsic^  revt^sible 

FTuoresceinanune  4  i 
peniallinase 

None 

Tungsten  haiogeo 
whi*e  lighr  source 

PMT 

1 

1 

fluoresceaca  | 

Entrapment 

Silica 

490  nm  (?) 

0.00023  lo  0.01  M 

_  _ 1 

Aqueous 

1 

PotyacnniHle 

membrane 

Two-way 

320  nm  ^ 

40  to  60  seconds 

ff*  reiesje 


Pemallinase 

None 

Nc<is 

None 

Covalent 

Noce 

None 

2tol2mM 

Glutaral'J«*hyde 

Elcctrof^ 

None 

10  seconds 

Anaiyt* 

[Rofarenca] 


Character 

Reagent 

Membrane  I 

Pro 

immobilization 

■sUHEiSlI 

Light  Sourc9 


X-Jn 


Detector 


namic  Ran 


1 


t  .  -  -W  -  ■ 


Sample 


Penictllui 

l**3J 


Peaiditin;  glucom 


H*  tOM 


Aqueous 


Support 


peaidllinJLM 


Adsorption 


Gluunldehyde 


Arranoement 


X-Analvsis  Reaponco  Time 


None 

Noun 

None 

None 

Nom 

Limit  of  4  mM 

ISFET 

None 

I  minute 

Polar  solvents 
Idioaan,  e)haiiol_.) 


Polyeihylanu.'e 
(tnodel  analyte) 
l»l 


Potynuclear 

vomatic 

hydrccarboos 

I’ST) 


1 

extrinsic/  reversible 

Fluoreeceio 

>peiuciniiuuc/g]uco*e 

oxkia«e 

Cuotescence 

EDCrxptTieiii 

Tuugstea  halogea 
while  light  source 


490  am  (7) 


0.1  to  100  mM 


Aqueous 


Polyacrytamide 

Twowty 

520  am  (7) 

40  to  60  seconds; 

membrxoe 

5  to  12  miirjtes 

exninsic/  rcvcfsihic 

Thermal  prioter 
paper  reagent 

None 

Tungsten  hwogeo 
white  light  source 

PMT 

efcsorpckxi 

Physical 

Plastic 

580  •'m 

Limits  of  10  ppm  >o 
600  ppm  (depending 
00  analyte) 

extrinsic/ reversible  dexaaa+FITC; 

polyethyler.eiir.iDe  * 
f1uoTesoe<n,  RTTC, 
Texas  Red 


floorescence  Solulioa 


Aqueous 


Bifurcat'd 


Dialysis 


Silica  (?) 


Bifurcated 


Tung.sten  halogen 
while  light  source 


493  nm 


52a  620  nm 


30  seconds 


PMT 


3.0  mM  to  1.0  M 


5  minutes 


estritLsk/  reversible 

Benzo(a>pyrene 

None 

N>laser 

PD  array 

fluorescence 

Solution 

()uanz  (or  plastic) 

337  nm 

Limit  of  0.01  pg/l 

Aqueous 

None 

IIIIII^QQIlQiyillllll^^Qyill^ 

Ra^d 

intrinsic/  reversible 

Fluoride 

Teflon  cladding 

Tungsten  halogen 
while  light  source 

diotoconductive 

detector 

abeorptioa 

Doping 

Sijca 

3.36  microns 

Low  to  100  % 
propane 

Gaseous 

None 

One  wry 

?  36  niicrooj 

2  minutes  (down  to 
45  seconds) 

iDtriosic/  reversible 

2.^bi£|5-tert-buiyl-2- 
bcczotyaxrilyl) 
'hiophece  (BBOr/ 

Note 

Xenon  white  !ighl 
source 

Optical  power  meter 

fluorescence 

Dopmg 

Plastic 

42y  an 

Gaseous 

None 

One-way 

520  nm 

Rapid 

Flow  cell 

Xenon  white  light 

PMT 

crtrifisic/  gtri  erstble 

Pyrene  ♦  perylene 

source 

fluoresce  tve 

Adsorbed 

PlajTic  f?) 

333  nm 

Oio  I0C%  SCh  (v/v> 

Gaseous 

Silicone  prepolynwr 

Bifurcated 

470  nni 

-  -  -  -  ^ 

1  to  2  secomis 

Analyte  Charaeter 

P^ariioco]  _ ^ 

Sample 


Reaoert 


In-wmob'lizatlon 


SuDDort 


Membrane  Uaht  Source 


Wnr»Jt 


Arranoeinerrt 


add,  acety!  salkylic 

add 

(U| 


extriosic^  reversible 

Nooe 

Now 

fluoresce  ace 

Noae 

Fused>tiUca 

Ifott  or  fitter  p^per 


Sdvew.s 

1 

eatridsicy  reversible 

not 

1 

fluorescence 

1 

Solid  OQ 

Bifurc^ed 


Myl« 


Sleahc  add  (model 


Temreratm 


Tem^teruure 


introjic/  inrevcrilhie 
Huorescence 
Aqueoua 


Adsorbed 

None 

Cellulose 

Flow  cell 

Stearic  acid 

None 

Covalent 

Slika 

None 

One-wny 

Xenoti  white  ligh^ 
aource 


305-5G5nm 


As  appropriate 


TUiiKStec  halogeo 
white  light  source 


500  Dm 


620  om 


Nitrogea  laser 


377  nm 


485  nm 


Tenwrarre 


Temperaim 


Temaeruun 


intrinsic/  rrveriibte 

Neodymium 

fluorescence 

Dnpinf 

I  Air 

Ncmw 

iochnsic/  reverstble 

Nd^*.  Pt^.  Sm'*. 
Yb^* 

absorption 

Dopinf 

Sotm 


SJka 


One  way 


Noae 


Detector 


nesoonse  Time 


Fluorimeter 


(X3  to  200ag 


Rapid 


Fluorimcte^ 


to  too  %  ethanol 


15  seconds 


P^4T 


incriosic/  revcr?*Me 

Neodymium 

None 

LED 

PD 

absuptioo 

Doped  in  :ore 

Silica 

150  nm  (peak) 

+5  to  -40  °C 

Air 

None 

Two.  way 

830  nm.  860  am 

Minutes 

iotnnsic/  reversible 

Aiumiriiunwcoaiifig 

None 

LED 

PD  (7) 

reflectance 

Sputtering 

Silica  Cn 

850  nm  (peak) 

20- 400  "C 

Air 

None 

TriJ'urcated 

850  nm 

Fast 

Tem^Krabre 

1 

itstrinsic/ reversible 

1 

Keavy^metai, 
fluoride  ^ 

None 

Argoo-ion  laser  or 
temkoodudoc 

PD 

fluorescence  j 

1  Doping 

Silica 

4««.  772  nm 

25  to  150  "C 

Air  1 

Nooe 

Bifurcated 

520  n»n  (7) 

Rjoid 

inlriciic/  revtrjible 

Nor; 

Nona 

Semkonductor  laser 

PD  (7) 

tbsorptioQ 

Nooe 

Sitka 

816  nm 

5  to  80  “C 

Air 

Nooe 

Imerfcrometer 

816  nm 

2-8  seconds 

1 .05  mkroea 


WhHo  li^ht  source 


hOOtollOOnm  0  to  100  °C;  ±  i'^C 


Air 


Nof»e 


One  way 


600  to  1100 


Rapid 


An9^« 

Character 

Reaqart 

Manbrans 

Uaht  Source 

Detector  j 

[Reference] 

wESsm 

Immobil'zatlon 

Optical  Rbra 

~nT^T~^~‘~~n 

Arrant^e^nt 

X-AnalvAl? 

^ResDcnse^TliTO 

Tem^entm 

inOiosic/  reversibt* 

Mineral  oil 

None 

LED 

PD7 

jibsorptioa 

Solutioa 

PliAic 

850  nm 

Oto  100°C±l'’C 

Air 

Glass  tube 

One  way  (de^lad) 

850  nm 

Rapid 

Temperanv*,  .ttnua 
(HU 

iothosic/  reveriibl* 

None 

None 

HeNe  Inser  (7) 

PD 

jbsorpboo 

None 

Silics 

633  am 

- 

Air 

Ncmu 

’ 

Bow>be  or  elliptical 
core,  ooe>way 

633  am 

- 

Terbuiyii^^csliddc) 

extrinsic/  reversible 

FTTC 

None 

Xe&oQ  white  light 
source 

PMT 

fluoresce  tkce 

Covalent 

Silica 

480  am 

0.5  lo  2.5  X  10"*  g/xti 

Aqueous 

None 

Two-way 

520  nm 

10  minutes 

Toluene,^Jj|l«iie,  ac 

extrinsic/  reversible 

IIV  spectniin 

None 

Nhpumped  dye 
laser;  NdtYAG  *ascr 

PMT 

Ouoresceoce 

None 

Fused  Silica 

266  nm 

Limit  o(  ppb 

Aqueous 

None 

Biftircated 

as  appropriate 

Rapid 

Toiue5e,^rji€oe,  c<c 

extrinsic/  reversible 

"V  ipectnun 

None 

Nd:YAO  larer 

p.vrr 

fluorescence 

None 

Fused  silica 

266  nm 

Limit  of  ppb 

Aqueous 

Nvme 

Bifimaed 

as  appropriate 

Rapid 

Tolueoe,  jyleite, 
taaoiiae 

m 

intrinsic/  reversible 

Aluminium  coating 

None 

LEDs  and  while 
light  icurce 

- 

reHecuace 

Vacuunvdeposited 

Ptistic 

W 

2% 

Gaseous 

None 

Side  by  side 

• 

Minutes 

Tnchloroahyleje, 

chloco/onn 

mi 

eitrioiic/  revasibk 

Pyridire 

Pcroui  TEFLON 

Tungsten  haJogeo 
white  light  source 

PD 

absopcioo 

Sdulioo 

Si’ica  {7) 

- 

10  to  500  ppm  TCE 

Gaseous 

None 

Side  by  side 

540  nrv  640  am 

30  minutes 

Urea 

(»»1 

- 

Atiimnniuni  ton 

Dried 

(Itdanldehyde  * 
BSA 

None 

None 

H+  iOM 

AitiorpiKin 

Sow 

None 

lO'^o  :o“‘  M 

Aqueouf 


('ilufaral«1«hyi'e 


iSFHT 


Non* 


Rapid 


Anaiyt* 

[Refflrencd] 


Charactar 


Pro 


Samole 


Reaaent 


!mmcib!!lzaticin 


Membra  n» 


Arranoe  merit 


ht  Source 


Detector 


Besoonss  Time 


Vrt* 

(Jt44 

extntuic/  reveriiNe 

Urease  2*.  7* -bis 
(carboxyeihyi)-5  aiMi 
6>*carboxyf1uoresceio 
4  5  (and 

6>-4*arboxyfluoresceio 

None 

Tua^stea  haJogeo 
white  ligf^  source 

PMT 

fluorsAceuce 

Adsorbed 

Silica 

490  am 

13  to  85*  lO'^M 

Aqueous 

Teflon  msmbruM 
(glutarJdchyde) 

Bifurcated  buedk 

520  rm 

I  to  7  mimitm 

p-nitrc^ooxide 

extrinsic/  reversible 

alkx'ioe  phosphotase 

Nylon  nieah 

Qiun2  halogen 
otiile  light  source 

PMT 

abscrptioa 

Covalecit 

Silica 

7 

i  to  2  X  lO  ’  M 

Aqueous 

Nylon  ntesh 

BifiiTcated 

7 

extriosic/  reversible 

A  croy  loy  1- fi  uorescci  0 

None 

White  light  source 

PMT 

fluorescecce 

Covalent 

Silica 

43(X  485  nm 

4.5  to  8.0  pH^lOJ 
pH  units 

Broth  (ferroenutioo) 


HEMA  (pory 
hydroxy  cth>1 
nie*hacry1aie> 


?s'? 

estnasio  reversible 

1 - 

Bromothymol  Mue 

PTFE 

Tungsten  halogen 
wtoe  light  source 

PMT 

reflectance 

Adsorption 

Plastic 

7  to  9  pH 

Aqueous 

Styrene 

divinylbenzene 

Bi'urcaied 

580  om 

5  minutes 

extrinsic/  reversible 

Broniothyniol  blue, 
pficQct  red. 
chiompheool  red. 
phenol  red.  alicara 

None 

lED 

PD  (7) 

fluoresce  oce 

Adsorf^ioo 

Silica  (7) 

♦»3.  570  nm 

6.6  to  9  7  pH  ui.ils 

Aqueous 

Styrene 

divi.iylbenzcne 

Twoway 

Varied 

Raptd 

pil 

extrinsic/  feversiWe 

VarHXis 

None 

LED* 

PMT 

fluoresce  fiw 

Covalent 

Silica 

Variou* 

5  to  lOplI  units 

Aqueo»i9 

Mot- 

Trifiyvaued 

Vitrious 

10  nunu;^\ 

ftii 

f'>fnais*o  reverstble 

Fluorescctn 

None 

Laser  (Argon-ion  ?) 

PMTrn 

nuore»cs.sc« 

Covalent 

Silica 

480  nm 

Linm  of  0  eXA  pH 
units 

Aqueous 

None 

Two  way 

520  nn> 

1  e’is  inan  ‘)  sectMuLs 

Anaiyta 

Character 

Reagent 

Mambrana 

Light  Source 

Detector '  1 

[Refsrenon} 

Optical  Rbra 

Wnput 

Sample 

Arrjnaenvnt 

■cr^inEinSnDnini 

Response  rime 

exthask:/  reversib4e 

PheiiOl  Rtd 

None 

LED 

PD 

alxaiptiaa 

AdnrpCioo 

Silica 

S6S  am 

7  to  9  pH  unilx,  ± 

C  05  pH  uoitx 

Aqueous 

None 

Two-way 

565  nm 

Fajt 

p.?. 

exthosic/  reversibte 

3, 4, 3. 6  ttm 
bromophenoiiuiptioa 
phihalelii, 

None 

LED 

PD 

1 

abiotpliaa 

Coafcm 

Plai'uc 

58C,  830  am 

±0.05  pH  units 

I 

Aqueovj 

i£yrt  le 
divinylbenzene 

lOTibre  bundle 

380,  830  am 

FUpid 

p^ 

extrituic'  reversible 

Thymol  blue,  neutral 
red  methyl  red  ... 

None 

(^artz  halogen 
white  light  source 

PD 

abxorptioA 

reffectxece 

Covalem 

Silica 

Aa  appropriate 

5.5  to  8.5  pH  units 

Aqueous 

N'^ne 

Twr  way 

555,  600.  535  nm. 

Minutes 

RH 

extrissio'  reversible 

Tliyntol  blue. 
Bromophenol  bluu 

None 

(^art7  halogen 
white  light  source 

PMT/PD 

absorpttoa 

Adsorptioo 

Plastic 

- 

0810  3.2,  10-13  pH 
units;  3.2  io  7  pH 
units 

Aqueottt 

Styrene 

divinylbenxeoe 

Side  by  side 

555,600  am 

1  minute 

i?£, 

icMnask/  reversible 

Bromocresol  purple, 
bfon¥>crea<rf  |ieen 

None 

Xenon  white  light 
source 

PD 

ahaorptioo 

Sot- (el 

Silica  *  sodium 

610  am 

3-8  to  5.4;  5.2  to 6.8 
pH  units 

Aqueous 

None 

End  to  end 

610  nm 

5  seconds 

exihaslc/  reversible 

FTTC 

. 

Argon-ion  laser 

PMT  (ouO;  PO  (in) 

fluorescence 

Coveltnl 

Fused  silka 

4S8  nm 

3  to  7  pH  units 

Aqueous 

Silica  bead 

Two-way 

520  rwTi  (7) 

20-35  seconds 

imrinsic/  reversible 

FITT 

None 

White  light  source 

PMT 

fluorescence 

Sol-gel 

PIvtK  (71 

488  nin 

5  to  9  pH  units 

Aqueotis 

None 

Bund.e 

524  nm  (7) 

. 

r?li 

extriaiic/  reversible 

BrooKshymol  Bkwi 

None 

LED 

PD 

fluorescence 

Solutioo 

Plastic  (7) 

- 

5  to  10  pH  units 

1 

Aqueous 


None 


Bundle 


(%ap<d 


Arariyto 

[Rsfsrance] 


Character  Reao'int  Mtimbrane  Llaht  Source 


Properly  Immobilization  Optical  Fibre  i,ln 


Sart.ole  I  Support  I  Arrancfement  I  X-Arwivsis 


Dete;ior 


namic  Rar.ce 


Resoonse  Time 


eitriosicf  reversible 

Ccogo  Red 

None 

LED 

Photometer 

ahsorp^ioii 

Adsorbed 

Ptjslic 

565,  635  nm 

0L0to4.2pH  units 

Aqueous 

Cellulose 

Side  by  side 

565,  635  om 

Seconds 

l?7l, 

extrinsic/  reversible 

Eosin.  pbenol  red 

None 

Argoo-ioo  User 

PMT 

nu.‘>res«.etice 

Covalent 

Silica 

488  am 

LiiriiofO.Dl  pH 
units;  range  from 
4.49  to  8.6 

Aqueous 

None 

Side  by  skie 

546  nm 

4  seconds 

t?i3, 

extrinsic/  reversible 

Bromothymol  blue 

PTFc 

Tungsten  halogen 
white  light  source 

PMT 

absorptkxi 

Adsorbed 

Plastic 

593  nm 

8.0  to  10.5  pH  lioils 

Aqueous 

Styrene 

divinyibenienc 

Bufidle 

593  nm 

5  minutes 

extrinsic/  irreversible 

S-bydroxypyrene- 1. 
?,  6  trisulphonic  acid 
rriPTS3;  HPTS  + 
suiforbodamirac  640 

P^afilm 

Xenon  white  l*ght 
source 

PMT 

fluorescence 

Entrapment 

Silica 

405. 450;  488 

5.5  to  8.0  pH  units 

Aqueous 

Ethylene-vinyl 

acetate 

Two-way 

5(5;  530,  6(0 

Rapid 

intrinsic/  reversible 

Fluorescein 

None 

Argon-ion  laser 

PMT 

fluo.  isc-nce 

Entrapment 

plastic 

438  nm 

3.5  to  6.5  pH  'jnits 

Aqueous 

Sol-gel 

Two  way 

530  nm 

5  seconds 

extrinsic/  reversible 

Phenol  red 

Cuprophan 

White  lijJiht  source 

PMT  (7) 

absorptioa 

EntrapnienC 

Silica  (7) 

433.  558  nm 

6  to  9  pH  units 

Aqueouf 


cxtriajic/  rcvcrstbl 


fluoresce  cx« 


Aqueous 


fcversible 


Siyreoe 

d*v?oylh<jizeiic 


Two  way 


433»  558  nm 


nuoresceDC« 


riuoresceinanitne 

None 

Argoo-ioa  Iwer 

PMT 

Ad-torbed 

Silica 

488  nm 

4.0  to  8.0  pH  units 

Acrylanude 

cepotymer 

Two  wty 

530  nm 

9  seconds 

I  -  h  yilrox  ypNT  t  !ie- 3 . 
6.  8-Uisulponoalc 
(HPTS>; 

7-hydroxycouniarjn- 
3-carboxyi:c  acid 
(HCO 

Nope 

Xenon  wfiite  light 
source 

1 

1 

1 

P.MT 

1 

1 

1 

i 

Adsorption 

QiuiiU 

1 

1 

410:465  nm 

1  6.4  to  7.7  pH  units; 
±0.01  pH  units 

Glass 

Bifurcated 

455;  520  i-.m 

1  minute 

Andyt* 

[fMacanca] 

Char*ctv 

R^icranl 

Mflmbnin* 

tlgW  Sotii^ca 

De'actor 

Prot?*rtV 

tmncfclllzatlon 

CptSca)  Bbn 

Wnuut 

Dynamic  Range 

■HWMIBaLMI 

Arrangamant 

V-ApaWsIs 

Rfrmonsa  Time 

ex&iosic/ revcrtibie 

Pheaoi  red 

HyJrcphilic  gel 
(iclcmqjbens, 
poJywyl 

Tungsten  halogeo 
white  11$^  source 

PD 

abaarpikM 

Adaorptioo 

PUstic 

560, 600  am 

7.0  to  7.4  ±0,01  pH 
ujiU 

Aqueoin 

CcUukm 

T*o  way 

560.600  am 

Approximately  40 
seconds 

oH 

exoriuic/  revenibie 

FiTC,  eona 

None 

TuagiUa  halogeo 
o'hile  liglH  sou'ca 

PMTCO 

nuoresceoce 

Adsorbed 

Ptutic 

495; 520  am 

0  to  7  pH  units 

Aqtieouc 

Cetluioae 

Btfu4'C3iej 

530;  550  am 

20  seconds 

iSiJ, 

iotniuic/  reversihie 

Rhodamine  6G. 
liydfosy 

pyreoeUirdphonic 
thsodtum  sait 
(HPTS) 

None 

Argoo-ioa  lar^r 

PMT 

xtdrftAnce. 

SduttoQ 

SHk* 

514J  tun 

- 

Aqueouf 

None 

Two  way  (polisbed^ 

Aj  apprcTriale 

- 

isii 

extriosic/  rrvers;Me 

BromoChymoi  blue 

None 

He-Ne  laser 

PMT 

al)5crptios 

Covalent 

Plastic 

632.8  om 

4  lo  1 1  pH  uoits 

Aqceoua 

None 

Side  by  side  (twistecO 

63Z  8  om 

Rapid 

SS’. 

extriiuk:/  reve^*bl« 

FI  uoresce )  oa  mi  ne 

Nooe 

Tungsten  halogeo 
white  )ight  source 

PMT 

flurrwcfiot 

Adsorbed 

Silica 

480  nm 

3  to  6  pH  units 

Aquecua 

Cellulose 

Two-way 

520  nm 

15  to  30  seconds 
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Appendix  11 


Glossary 

Add  In  general,  an  acid  is  a  hydrogen-containing  species  which 

dissociates  in  solution  in  water  to  produce  one  or  more 
hydrogen  ions.  Even  more  broadly  speaking,  an  acid  can 
be  any  compound  which  can  furnish  a  proton  or  can  attach 
itself  to  an  unshared  pair  of  electrons.  For  example,  liquid 
ammonia  is  a  nonaqueous  system  with  an  acid-base 
reaction  where  ammonia  has  the  unshared  pair  of  electrons 
(functioning  as  a  base)  and  ammonium  ions  are  readily 
fonned  (acid). 

Add-base  indicator  a  substance,  either  a  weak  acid  or  base,  which  has  a  different 

colour  in  acid  or  base  solution.  The  colour  change  is  due 
to  a  marked  difference  in  colour  between  the  undissociated 
and  ionic  forms. 

Active  site  portion  of  the  coenzyme  that  does  the  catalytic  work 

Adsorption,  physical  The  surface  of  a  solid  oi  liquid  is  a  seat  of  free  energy.  Tfie 

process  of  adsorption  in  which  foreign  atoms  or  molecules 
become  attached  to  the  surface  lowers  the  free  energy  of 
the  surface.  Many  adsorption  processes  are  not  chemically 
specific  and  are  readily  reversible.  The  forces  of  aliraction 
between  the  adsorbate  and  adsorbent  are  weak  and  siroiiar 
in  nature  to  those  responsible  for  the  cohesion  of  molecules 
in  the  liquid  state.  Van  dcr  Waais’  forces.  Physical 
adsorption  often  involves  the  formation  of  multiple  layers 
at  the  adsoi'bent  surface,  weakly  bound. 

Afllnity  the  strength  of  binding  between  a  given  zartibody  and  a 

single  antigenic  determinant  or  monovalent  hapten.  This 
depends  on  the  area  of  contact,  closeness  of  tit,  and  the 
nature  of  iniermolecular  forces  involved. 

Aldehyde  A  group  at  a  terminal  end  of  an  organic  molecule  with  the 

following  structure: 

'bH 
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Aliquot 

Amphoteric  (or 
amphJprodc) 


Analyte 


Anion 


Antibodies 


Antigens 


Aqueous 
Aromatic  ring 


Aryl  hydrogen 


Avidin 


Avidity 


An  exact  volume  of  solution. 

Able  to  function  both  as  an  acid  (produce  protons)  and  as 
a  base  (react  with  protoas). 

Substance  under  analysis. 

Negatively  charged  chemical  species  (ions);  an  atom  which 
has  gained  one  or  more  electrons  or  a  negatively  charged 
group  of  atoms. 

Protein  molecules  present  in  the  serum  which  are  fonned 
in  the  body  in  response  to  the  presence  of  foreign 
substances  called  antigens.  For  each  antigen  there  is  a 
specific  antibody.  The  effect  is  to  agglutinate  or  precipitate 
the  antigens.  The  antibody-antigen  mechanism  is  the  basis 
of  the  immune  response. 

Macrumnlecular  proteins  which,  when  injected  into  the 
blood  of  an  animal,  sdmulate  the  production  of  antibodies 
(neutralising  proteins)  -  bacteria,  viruses  (living  or  not) 
foodstuffs,  pollen,  proteins,  some  polysaccharides,  or 
nucleic  acids. 

Dissolved  in  water. 

Carbon  ring  in  which  the  carbon  atoms  are  arranged  in 
loops,  with  double  and  single  bonds  alternating;  frequently 
depicted  as  a  regular  hexagon.  Aromatic  refers  to  the  fact 
that  several  compounds  of  this  type  are  fragrant,  (for 
example,  naphthalene). 

Hydrogen  directly  bonded  to  an  aromatic  ring. 

MW  approximately  68!XX).  A  protein  tetramer  (four 
identical  subunits)  found  in  albumin  (egg  white);  each  of 
its  four  portions  can  bind,  non-covalently,  with  one  niotin 
in  what  is  considered  to  be  one  of  Nature’s  most  tenacious 
bonds. 

a  measure  of  the  stability  of  the  antibody-antigen  complex 
formed  when  multivalent  antigen  and  homologous 
antiserum  are  mixed.  This  depends  not  op.ly  on  the  affinity 
of  the  individual  determinant-combining  site  bond.':  but  also 
on  the  number  of  satisfied  valencies  of  the  antigen.s  and 
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antibodies  (j.e.,  two  antigens  bound  to  two  antibodies  is 
more  stable  than  two  antigens  bound  to  one  antibo/dy). 


Base 

Beer’s  law 

Biotin 

Bridging  system 

BylTer  solutions 

Carboxyl  group 
Cation 

Chaotropic  agent 

Chemil  u  mi  nesceorcs 

Chemiadsorption 


A  substance  with  a  tendency  to  gain  protons.  For  ionised 
solvents  which  do  not  contain  protons  a  base  is  a  substance 
which  reacts  with  the  acid  of  tliat  system  to  produce  a  salt 
and  the  solvent,  (see  acid  for  comparison) 

The  proportion  of  radiation  adsorbed  depends  on  the 
tliickness  of  the  adsorbing  layer,  and  on  the  molecular 
concentration  of  the  absoihing  subslance  in  the  layer. 

Ore  of  tlie  vitamin-B  factors.  Biotin  is  present  in  yeast,  egg 
yolk,  liver  and  other  tissues.  Egg  white  contains  a  specific 
protein,  avidin,  ihat  combines  with  biotin  and  effectively 
prevents  its  action.  The  avidin-biotin  bond  is  the  strongest 
known  non-cova!ent  chemical  bond. 

a  system  that  connects  two  compounds  in  chain  (i.e., 
enzymc-metal  ion-substrate;  the  metal  ion  acts  as  the 
bridging  system) 

solutions  that  centain  both  acid  and  base  ;<nd  can  respond 
to  the  addidon  of  either,  in  an  attempt  to  maintain  a  constant 
pH. 

the  chemical  group  COOH. 

Positively  charged  chemical  species  (ions).  The  positive 
charge  comes  from  the  loss  of  one  or  more  electrons  or 
posiuvely  charged  group  of  atoms. 

a  substance  that  enhances  the  partitioning  of  nonpolar 
molecules  from  a  nonanueous  (bound)  to  an  aqueous  phase 
(in  solution)  us  a  result  of  the  disrupdve  effect  that  the 
substance  has  on  the  structure  of  water  such  agents  are 
used  to  solubilise  bound  proteins. 

The  emission  of  light  during  a  chemical  reacdon.  The  light 
emitted  by  the  firetly  or  glow-worm,  as  well  as  luminous 
combustion,  are  examples  of  this  very  common 
phenomenon. 

The  adsorpdon  of  a  suhstance  at  a  surface  involving  die 
formadon  of  chemical  bonds  between  the  adsorbate,  the 


I  -ze. 


Coenzyme 

Cofactor 

Concentration 

Conjugated 

Covalent  bond 

Debye-Huckel  theory 

Deprotonation 

Dimer 

Dipole  moment 


Dissocsdon 

Dithio 

Dosage  level  (dose) 


species  undergoing  adsorption,  and  the  adsorbent,  the 
surface  at  which  adsorption  is  occurring. 

cofactor  based  on  organic  species. 

nonprotein  group  in  an  enzyme.  This  group  allows  the 
characteristic  catalytic  activity  to  take  place.  (The 
apoenzyme  is  the  whole  protein  portion.)  A  cofactor  can 
be  organic  (coenzyme)  or  a  metal  ion  (metal-ion  activator). 

The  amount  of  substance  in  a  given  volume  of  solution. 

process  of  covalently  binding  two  or  more  species  of 
molecule  to  form  a  hybrid  molecule  (conjugate),  i.e.,  a  dye 
conjugated  directly  to  a  protein  (as  in 
fluorescein-conjugated  penicillinase). 

The  linkage  of  two  atoms  by  the  sharing  of  Ovo  electrons, 
one  contributed  by  each  of  the  atoms. 

The  activity  coefficient  of  an  electrolyte  depends  markedly 
upon  concentration. 

subtraction  of  the  hydrogen  ion. 

a  compound  composed  of  two  specified  atoms  or 
molecules 

In  a  heteronuclear  diatomic  molecule,  because  of  the 
difference  in  electronegativities  of  the  two  atoms,  one  atom 
acquires  a  small  positive  charge  and  the  other  a  small 
negative  change.  The  molecule  is  then  said  to  have  a  dipole 
moment  whose  magnitude  is  the  product  of  tiie  charge  and 
the  distance  between  the  charges.  With  polyatomic 
niolecuies  the  net  dipole  moment  is  the  vector  sum  of  the 
dipole  moments  of  the  individual  bonds  within  the 
molecule. 

The  process  whereby  a  molecule  is  split  into  smaller 
fragments,  atoms,  free  radicals  or  ions.  The  extent  of 
disscciatioi?  is  measured  by  the  dissociation  constant,  K. 

two  consecutive  sulphur  atoms:  -S-S 

the  amount  delivered  over  time  to  a  specific  area  or  volume. 
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Elliran’s  reagent 

ELISA 

Enteropadtogenic 

Enzyme 

Erichrome  Black  T 

Fermentadon 

Fluorescein 

Fluorescence 

Glacial  aredc  add 
Hardness  of  water 


5,5’-dithiobis(2-nitrobenzoic  acid);  a  reagent  for  the 
determination  of  sulph-hydryl  groups  in  proteins 

Enzyme-linked  imniiinosorbeat  assay.  Usually  has  a 
protein-based  standard  that  is  compared  to  an  unknown 
protein  sample.  Tlie  standard  may  be  one  of  many 
well-described  systems,  such  as  bovine  serum  albumin  or 
cysteine.  The  assay  can  be  combined  with  an  indicator  dye, 
a  clear  (optically)  microtiter  plate  (with  many  wells),  ar-d 
an  optical  density  reader  of  some  sort 

pathogenic  for  the  intestine  (Lc.,  live  cholera  toxin,  which 
acts  on  the  intestinal  mucosa). 

Proteins  which  catalyse  reactions  with  a  high  degree  of 
specificity  and  efficiency.  Enzymes  are  presentin  all  living 
organisms  and  are  responsible  for  catalysing  most  of  the 
reacdon-s  which  take  place  in  a  cell.  One  outstanding 
feature  of  enzymes  is  that  many  of  them  are  highly  specific. 
Urease  is  an  enzyme  which  appmaches  absolute  efficie.ncy. 

A  useful  complexometric  reagent  for  Ca^*  and  Mg^*  (used 
for  determining  water  hardness).  It  lias  three  acid  .sites,  two 
of  which  are  involved  in  colour  changes. 

any  of  a  wide  range  of  processes  carried  out  by 
microorganisms,  regardless  of  the  type  of  metabolism 
conducted. 

an  indicator  dye;  in  alkaline  soludon  it  shows  intense  green 
fluorescence. 

The  process  of  energy  emission  following  absorpdon  of 
eiectromagenuc  radiadon.  Fartof  the  energy  thus  absorbed 
is  re -emitted  as  radiadon  of  longer  wavelength. 

Pure  acedc  acid  (17.4  M). 

The  property  conferred  on  water  by  the  presence  of  alkaline 
earth  salts  which  prevent  formation  of  a  lather  with  snaps. 
Often  mainly  a  measure  of  calcium  and  magnesium 
concentration:  calcium  and  magnesium  hydrogen 
carbonates  are  temporary,  calcium  and  magnesium  salts  are 
more  permanent. 


Komologous 

Hydrolysis 

Hydroxyl 

Indicator 

In  vivo 
Ionic 

Iso  thiocyanates 
Labile  complex 

Ludferins 

Mercapton 

Methylene  blue 
Miscibility 


Moiety 


derived  from  or  associated  with  the  same  species  as  that 
being  referred  to  (i.e.,  antibody  elicited  by  a  given 
antigen). 

splitting  of  a  bond  with  water  (e.g.,a  hydroxyl  ion  becomes 
attachfxl  to  a  metal  ion). 

the  univalent  radical  or  group,  OH. 

any  of  various  substances  that  indicate  a  presence,  absence 
or  concentraiion  of  a  substance  by  means  of  a  ctiaracteristic 
change  (usually  colour). 

processes  carried  out  in  the  living  organism. 

a  substance  tliat  is  electrically  charged  by  the  local  loss  of 
one  or  more  electrons  (see  polar). 

derivatives  of  the  type  R-NCS. 

A  complex  which  participates  in  very  fast  reactions, 
particularly  ligand  exchange  reactions,  generally  within  tlie 
time  of  mixing. 

Substances  responsible  for  bioluminescence. 

An  org:mic  compound  with  following  structure: 

— C--S— H 


Basic  Blue  4.  An  importint  dyestuff  of  considerable  value 
as  a  staining  agent  in  bacteriological  work  and  microscopy. 

The  degree  to  which  two  liquids  combine  to  form  one  liquid 
phase.  If,  for  example,  toluene  and  benzene  are  combined, 
the  mixture  appears  as  one  liquid  phase:  the  two  liquids  are 
considered  completely  miscible.  Immiscible  liquids  form 
completely  separable  liquid  phases.  Partially  miscible 
liquids  are  between  the  two  extremes:  some  dissolution  is 
possible,  but  beyond  this  point  immiscible  layers  are  again 
formed. 

one  of  two  parts  (usually  describing  a  molecule). 
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Nicotinamide  adenide 
dinucleodde  (NAD) 


Organic  compound 

Organochloride 

Organofuncdonsl 


Phenol 


Phoiochemistry 


pK 


an  extremely  important  and  wkfcspread  coenzyma,  which 
functions  as  a  hydrogen  transfer  agent;  the  reduced  form  of 
the  coenzyme  is  often  represented  as  NAL'H. 

chemical  compound  formed  from  carbon. 

an  organic  compound  that  contains  one  or  more  chlorines. 

carbon-based  groups  which  participate  in 
compound-forming  macro-molecular  reactions  (i.e., 
liitklng  polymers). 


any  of  a  class  of  organic  compounds  whose  molecules 
contain  one  or  more  hydroxyl  groups  bound  directly  to  a 
carbon  atom  in  an  aromatic  ring. 


the  invesdgation  of  biochemical  reactions  brought  about  by 
the  action  of  lighL  Only  light  which  is  absorbed  by  the 
system  will  produce  chemical  effects.  Absorption  of  the 
light  is  a  quantum  process.  The  primary  step  in  a 
photochemical  reaction  is  therefore  the  absorption  of  a 
quantum  of  light  energy  by  a  particular  atom,  molecule  or 
ion  which  is  thereby  raised  to  an  excited  state  containing 
an  excess  quantum  of  energy  equal  to  h  v  (where  h  is 
Planck’s  constant  and  v  is  the  frequency  of  light  absorbed). 
Only  electronic  excitation  can  bring  about  chemical 
reaction;  energy  in  or  above  the  far  infra  red  is  ineffective. 
An  excited  molecule  may  return  to  its  ground  state  within 
about  10’’  seconds  while  emitting  its  absorbed  energy  as 
fluorescence;  in  this  case  no  photochemical  reaction  is 
produced.  The  quantum  yield,  i.e.  the  number  of  molecules 
which  are  caused  to  react  for  a  single  quantum  of  light 
absorbed,  is  only  exceptionally  equal  to  exactly  unity. 


K  represents  the  dissociaton  rate  of  a  given  substance;  i.e.. 
acetic  acid  molecules  and  acetate  ions: 


mi  c,  //,  o]] 
[Hc.H.a;] 


[HCM.OA 


this  last  term  that  can  cause  the  pH  reading  to  be  inaccurate 
if  the  concentration  of  an  ion  other  than  hydroxyl  is 
measured. 


Polar 


(a  molecule)  having  an  uneven  distribution  of  electrun.s  and 
thus  a  permanent  dipole  moment. 


Proteins 


Reagent 


Sandwich  assay 


Schiff’s  base 


Sepbadex 


Silanisadon/silyiation 


Soll-ge! 


The  proteins  are  the  chief  nitrogenous  constituents  of  living 
organisms.  They  contain  about  50%  carbon,  about  25% 
oxygen,  about  15%  ratrogen,  about7%  hydrogen,  and  some 
sulphur.  They  give  certain  colour  reactions  which  are 
caused  by  the  presence  of  specific  amino  acids  in  the 
molecule.  There  are  many  different  protein  classes  (which 
are  not  mutually  exclusive).  Proteins  in  general  may 
contain  more  than  one  peptide  chain.  The 
three-dimensional  arrangement  of  peptides  is  very 
important  in  determining  the  properties  of  the  protein. 
Proteins  typically  have  large  molecular  weights,  ranging 
from  5000  to  6  000  000. 

any  substance  used  in  a  chemical  reaction  to  detect  or 
measure  other  substances. 

an  indirect  immunofluorescence  technique;  the  antigen 
being  sought  is  placed  in  contact  with  a  surface  of 
immobilised  antibodies;  the  system  is  reacted  and  then 
unbound  antigen  is  rinsed.  Another  solution  of 
fluorescently  labelled  antibody  is  added,  which  will  only 
bind  if  the  antigen  is  present.  The  antigen  is  ’sandwiched’ 
between  labelled  and  unlabelled  antibody. 

a  base  or  reagent  that  attaches  to  (and  often  colours) 
aldehyde-containing  compounds. 

A  gel  produced  by  cross-linking  dextran  fractions  with 
epichlorhydrin  and  marketed  in  bead  form.  Various  types 
are  available  differing  in  pore  size  and  other  characteristic: 
if  the  matrix  Ls  a  minor  component,  fractionalisation  of  high 
molecular  weight  substances  occurs;  if  denser  gels  are  used, 
then  the  low-molecular  weight  compounds  are  separated. 

Silanising  involves  converting  a  silanol  group  SiH^-OH  to 
a  less  polar  silyl  ether,  SiH.j-OR;  silylation  involves 
introducing  a  trimethylsilyl  group.  Si  (CHj).^  into  an  organic 
compound. 

a  chemical  process  in  which  a  single  or  multi-component 
solution  undergoes  gelation  (colloid  of  a  more  solid  form) 
to  form  a  coherent  rigid  network  of  the  oxides  presenL 


Solution 


The  qualitative  characteristics  of  a  solution  are 
homogeneity,  and  the  absence  of  any  tendency  for  the 


dissolved  substance  to  settle  out  again.  A  solution  is  better 
defined  as  a  homogeneous  mixtiuB  of  substances  which  is 
separable  into  its  components  by  altering  the  state  of  one 
of  them  and  whose  properties  vary  continuously  with  the 
proportions  of  the  components  between  certain  limits.  The 
amount  of  a  substance  dissolved  in  a  given  amount  of 
another  substance  is  described  as  the  concentration  of  the 
solution,  and  may  be  expressed  in  grams  per  liter,  or  as  mole 
fraction  (i.e.,  molarity).  A  solution  containing  only  a  small 
proportion  of  the  dissolved  substance  is  termed  dilute;  one 
containing  a  high  proportion  is  called  concentrated. 

Solvent  a  substance  capable  of  dissolving  another  substance.  This 

is  the  substance  that  makes  up  the  bulk  of  the  solution.  Tlie 
substance  dissolved  in  the  solvent  is  termed  the  solute. 

Specirophotometer  An  instrument  that  measures  the  relation  between 

absorption  cf  electruinagnetic  radiation  and  frequency  (or 
wavelength)  of  that  radiation. 

Substrate  the  compound  whose  reaction  an  enzyme  catalyses  (i.e., 

peptidase  is  a  general  enzyme  for  some  reaction  of  a 
peptide). 

Thymol  blue  Thymoisulohonphlhalein.  One  of  the  .sulphonphthalein 

group  of  indicators,  which  two  useful  pH  ranges. 

Titration  the  process  of  determining  the  concentration  of  a  substance 

in  solution  by  adding  to  it  a  standard  reagent  of  known 
concentration  in  carefully  measured  amounts  until  a 
reaction  of  definite  and  known  proportio.a  is  completed  and 
then  calculating  the  unknown  concentration. 

Titer  In  blood  analysis,  a  tiUTition  procedure  is  u.sed  to  determine 

the  strength  of  an  antibody.  Doubling  dilutions  (i.e.  1:50, 
l:l(X),  1:200,  and  so  on)  are  made  in  a  suitable  medium 
(viral  transport  .medium,  alkaline  buffer,  etc.)  in  a  series  of 
lubes.  The  appropriate  antigen  is  added,  and  the  reactions 
are  read  though  agglutination,  ELISA,  or  other  means  and 
scored  for  the  degree  of  positivity.  The  actual  titer 
(concentration)  of  the  antibody  is  given  by  the  dilution  at 
which  some  degree  of  agglutination  (or  determining 
reaction),  however  weak,  can  stiJl  be  seen  (extracted  from 
the  noise  level 


Town  gas 


Van  der  Waals  forces 
(and  *;qu£don) 


Vicinal  diol 


Viscosity 


Volatile 


the  general  ijarac  for  manufactured  gas  with  a  specific 
calorific  value,  typically  used  as  a  gaseous  fuel.  In  many 
parts  of  the  worid  natural  gas  is  used,  which  has  in  general 
more  than  50%  hydrogen,  10-30%  methane,  as  well  as  CO, 
higher  hydrocarbons,  COj  and  N,. 

Weak  forces  of  inter-  and  intra-molecular  attraction  (and 
repulsion).  If  these  are  considered  in  the  equation  of  state 
for  gases  (pressure,  volume,  and  temperature 
considerations),  the  volume  occupied  by  the  molecules  and 
the  attractive  forces  between  the  molecules  axe  accounted 
for.  Van  der  Waal’  forces  are  stronger  in  liquids  than  in 
gases.  The  equation  of  state,  for  gases,  is 


(2) 


a  =  attractive  forces  between  molecules 
b  =  effective  volume  in  one  mole  of  gas 
R  =  universal  gas  constant 

vicinal  refers  to  two  substituents  on  adjacent  carbon  atoms 
(neighbouring  positions  of  radicals,  i.e.,  i,  2, 3  positions  of 
benzene  ring;  diol  indicates  hydroxyl  (-OH)  groups. 

A  liquid’s  resistance  to  change  of  form;  a  type  of  internal 
friction. 


evaporating  rapidly;  c*.g.  some  volatile,  poisonous 
substances  tliat  form  vapours,  such  as  chloral,  chloroform, 
ether,  etc. 

any  various  briir!a.'’t  fluorcscent  yellow  to  pink  to  bluish 
red  dyes  characterised  by  the  heterocyclic  comoound 
C„H,0. 


Xanthene  dye 


Appendix  III 


Details  of  chemical  protocols 

A..  Initial  penicillinase  preparation 

1.  10  mg  dry  penicillinase  [Type  1:  from  Bacillus  cereus;  Sigma  Chemical  Company, 
product  number  P  0389]  is  dissolved  in  1,5  ml  nanopure  water  (stirred  in  vortex  mixer) 
and  then  desalted  with  0.2  M  sodium  phosphate  buffer  pH=8.2  (discard  eluate).  The  0.2  M 
phosphate  buffer  is  prepared  by  mixing  thoroughly  48  mis  0.2M  Na^HFO^  and  2  mis  0.2M 
NaHjPO/^'. 

(Sigma  recommends  the  optimal  binding  pH  range  for  FTTC  (fluorescein  isothiocyanate)  onto  penicillinase 
as8J  <pH<9.0“’’’‘*“'.) 

PeniciUirmse  is  sold  in  units  (defined  as  the  amount  it  takes  to  interact  with  1  micromole  of  penicillin); 
25000  units  equates  to  approainvitely  iO  mg  of  benzylpenicillinase  [assay  not  performed  by  Sigma). 
Benzylpenicillin  (or  Penicillin-CO  is  produced  naturally. 

2.  A  two-way  adjustable  valve  burette  drttpper  is  added  to  the  bottom  [thereby  allowing 
control  of  flow  of  sample]  of  a  disposable  Sephadex  G-25M  column  (PD- 10  from 
Pharmacia) 

Remove  cap  of  column 

Discard  excess  liquid  [be  sure  to  leave  enough  fluid  to  keep  bed  moist  and  undisturbed] 

Secure  in  burette  holder 
Cut  off  bottom  'ep  of  column 

Equilibrate  colunm  with  0.2  M  sodium  p-hosphate  buffer  pH=8.2  xnd  discard  the  eluate 

3.  Add  penicillinase  eluent  (2.5  ml)  and  collect  the  eluate  in  0.5  ml  increments  in  labeled 
Eppendorf  tubes.  Once  the  peniciliina.se  solution  has  entered  the  column,  3.5mls0.2M 
phosphate  buffer  pH=8.2  is  added. 

4.  Store  collected  samples  in  refrigerator  at  4°  C. 


B.  Eluate  total  protein  quandficadon 


1.  Prepare  15  standard  serial  diludons  of  two  of  BSA  (bovine  serum  albumin),  starting  at 
2.5  rag/ml,  to  which  a  corresponding  opdcal  density  can  be  determined.  See  Figure  1. 
16(Hil  of  each  standard  soludon  is  placed  in  triplicate  in  a  96-weil  microdter  plate 

2.  Forevaluadon  of  the  unknown  protein,  place  160^il  of  0.2  M  phosphate  buffer  pH=8.2 
in  three  wells  (control),  150pl  of  0.2  M  phosphate  buffer  pH=8.2  in  15  sets  of  triplicates 
with  10  pi  of  eluted  samples,  and  lastly  160|al  of  0.2  M  phosphate  buffer  in  last  three  wells 
of  the  microdter  plate  (control).  Add  40pJ  of  Bio-Rad  protein  assay  dye  reagent 
concentrate  to  all  wells. 

3.  The  Bio-Rad  Protein  assay  is  based  on  the  observadon  that  the  absorpdon  maximum  for 
an  acidic  solution  of  Coomassie  Brilliant  Blue  G-250  shifts  from  465nm  to  595nm  when 
binding  to  protein  occurs.  A  maximum  signal  appears  where  the  maximum  amount  of 
protein  is  found.  By  using  a  grid  such  as  the  96  well  microdter  plate,  the  levels 
determined  tltrough  the  assay  can  be  correlated  to  original  sample  vials,  and  thereby  the 
highest  levels  of  protein  pinpointed. 

4.  The  painstakingly  filled  microdter  plate  should  be  read  at  595nm  for  the  Bio-Rad 
Protein  assay,  but  the  Titertex  Muldscan  has  620nm  as  the  closest  available  wavelength.  (It 
is  also  wise  to  avoid  being  near  the  excitadon  wavelength  of  the  fluorescent  label) 

Turn  machine  on  (switch  oh  right  side) 

Enter  date;  DDMMYY 

Enter  mode:  1  (for  absorption  at  1  line) 

Enter  filter;  7  (for  620nm  line) 

Next  comes  a  query  regarding  (he  location  of  a  cell  for’blanking’  (baselining);  simply  press  ’Enter’ 

Toe  machine  will  display  ’In“ 

Place  an  EMPTY  microtiter  plate  in  tbj  uny  of  the  machine 
Press  ’Step" 

The  machine  will  pull  the  tray  in  itnd  read  it 


It  will  prompt  you  with  ’Blank’. 
Press ’Blank’. 


Wait;  th3  machine  will  then  prompt  you  with  ’Blank  OK’. 

Press ’Stop’. 

The  empt;'  tray  ejects;  replace  it  very  carefully  with  your  painstakingly  filled  sample  tray. 

Press ’Start’. 

The  machine  will  pull  the  tray  in  and  read  it;  the  machine  will  at  last  output  the  readings  in  columnar  fashion 
on  its  ticker  tape. 

Press  ’Stop’;  your  sample  tray  ejects. 

Remove  ticlc.r  tape;  turn  off  machine;  average  values  for  triplicate  readings.  Ignore  obviously  spurious 
results  caused  no  doubt  by  less  than  painstaking  effort. 

C.  Covalent  binding  of  FiTC  to  penicillinase 

1.  0.7788  mg  FITC  (Isomer  1,  Sigma  Chemical  Co,  F  7250)  i.'  added  to  1.5  mis  of  0.2M 
phosphate  buffer  pH=8.2,  combined  with  pooled  protein  samples  and  then  mixed 
thoroughly.  The  MW  (approximate)  of  penicillinase  is  50.000.  We  have  10  mg  of  it  or 
1.2x  lO”  molecules.  We  expect  at  least  4-5  FITC  molecules  to  bind  to  each  penicillinase: 
thi.3  reaction  is  not  expected  to  be  completely  efficient  (so  as  a  wag,  we  double  this 
requirement)  and  thus  want  10  RTC  molecules  per  that  of  penidilinase.  This  means  we 
want  1.2x10”  molecules  of  FITC.  Tne  MW  of  FITC  is  389.4,  which  translates  finally  into 
0.7788mg  of  material. 

2.  Let  the  FTTC/penicillinase  solution  react  at  4”C  overnight. 


D.  Separation  of  unbound  FITC 

1.  A  sodium  phosphate  buffer  pH=5.9  Ls  prepared  by  thoroughly  mixing  61.5  mis  0.2M 
Na.^HPO,  and  438.5  mis  0.2M  NaH,  PO.. 

2.  Equilibrate  t.he  gel  bed  with  25  mis  of  0.2  M  pho.sphate  buffer  pH  5.9  ,  discarding  the 
eluate. 


3.  Run  penicillinase/FTFC  sample  through  the  Sephadex  G-25M  column.  The  higher 
molecular  weight  (and  larger)  penicillinase/TITC  will  ccme  out  first  from  the  column.  We 
swia:h  to  the  pH=6.0  phosphate  buffer  because  this  is  now  the  regime  at  which  we  expect 
maximum  activity  from  the  penicillinase''**';  the  binding  has  already  been  accomplished. 
The  actual  pH  of  our  buffer,  measured  on  a  pH  meter,  turned  out  to  be  5.9. 

4.  Collect  penicillinase/FlTC  in  0.5  ml  samples  in  labeled  Eppendorf  tubes.  Colour 
change  of  FTTC  in  bound  vs.  unbound  state  indicates  visually  where  the  bound  FTTC  is; 
further  die  molecular  weight  difference  and  the  size  difference  allow  a  great  separation 
between  the  two  samples,  making  the  samples  very  separable  as  they  pass  through  the 
column. 

5.  Store  .samples  of  FTTG'penicillinase  at  4®  C. 


E.  QuaudHcation  of  conjugated  FITC  fluorescence  activity 

1.  O.I  mg/ml  standard  FTTC  in  0.2M  phosphate  buffer  pH=5.9  and  six  further  standards  by 
fivefold  dilutions  are  prepared.  Add  3  mis  of  each  FTTC/buffer  solution  to  fluorimeter 
cuvettes  (Hughes  and  Hughes.  Ltd)  (solutions  are  0.1, 0.02, 0.004, 0.0008,  0.(XX)16, 
0.000032,  0.0000064  mg/ml). 

2.  Select  penicillin ase/H'lC  solutions  witJi  visually  obvious  high  level  of  FTTC;  add  100 
of  sample  to  cuvette  and  then  2.9  ml  of  0.2M  phosphaie  buffer  pH=5.9. 

3.  Measure  fluorescence  level  of  each  cuvette  (samples  and  standards).  Standards 
detmiine  a  curve  for  comparison;  the  samples  subsequently  taken  should  fall  on  (or  near) 
the  curve. 

Procedure  to  use  fluorimeter  for  FITC: 

Input  excitadon  wavelenr th  of  49-t  nm;  Sigma’s  estimrie 
Inpiti emission  waveie.'.jai  •./'.IIS  nm;  .Sima's  es'unaie 
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open  lid  to  sample  area  (front  of  machine)  -  only  open  sample  bay  when  left-hand-side  button  is 
illuminated);  put  sample  in  bolder  farthest  away  from  you 

Press  left-hand-side  button 

Wait  until  reading  stabilises  (a  few  seconds) 

Write  down  result 

Press  left-hand-side  bu'ton  again 

Replace  cuvette  with  next  one  to  be  measured 

Once  all  the  cuvettes  have  been  analysed,  plot  known  concentrations  (standards)  vs.  recorded  fluorescence 
level.  Valid  levels  should  range  from  above  25  to  below  9^9.9 

Once  graph  has  been  accomplis.hed,  use  the  (hopefully)  straight  line  to  exuapolate  unknown  concentrations 
of  the  bound  FTTC 

F.  lodometric  assay  of  FITC-bound  peniduinase 

1.  Prepare  1.2  mg/ml  standard  of  penicillinase  by  adding  0.6  mg  of  dry  penicillinase  (1000 
unito)  to  500  [il  of  0.2  M  pH=5.9  phosphate  buffer  and  mixing  dgoumusly.  These 
controls  serve  as  the  basis  to  determine  concentration  of  unknov/n  proteins;  can 
double-check  original  protein  standard  cuive  performed  on  BSA. 

2.  Prepare  a  blue/black  reagent  for  iodometric  assay  of  peniciilina.se:  80  ml  of  0.2% 

(w/v)  starch  solution  (  0.2  g  hydrolysed  potato  starch  in  100  mis  of  0.2M  phosphate  buffer 
pH  5.9  in  a  stirring  flask)  is  mixed  with  .55  mis  (if  less  than  80  mis  remains  of  the  starch 
solution,  use  less)  iodine/potassium  iodide  solution  (2.03g  of  iodine  (0.08M),  53.12  g  of 
potassium  iodine  (3.2M)  with  KX)  mis  deionised  water). 

3.  Stir  the  starch  while  boiling  gently  -  cover  the  solution  lightly  to  minimise  less  of  liquid 
-  the  solution  is  done  when  it  is  tmnslucent  and  starch  does  not  fall  out  after  removai  from 
heat  (could  take  upwards  of  an  hour).  Cool  to  room  temperature  and  filter.  This 
blue-black  reagent  will  turn  clear  in  the  pre.sence  of  penicilloic  acid,  which  is  released 
when  penicillin-G  and  peniciilina.se  react'*^’’’  .  Thus  as  transmission  through  a  cell  is 
measured,  a  given  level  of  penicillin-ase  activity  can  also  be  measured. 
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4.  Prepai'e  standard  solutions  of  Penicillin  G  to  verify  activity  of  penicillinase: 


Concentration 

Penidllin  G  amount 

Phosphate  buffer  pH=5.9 
amount 

0.4mM 

7.128  mg 

50  mis 

0.2mM 

10  mis  0.4m  M 

10  mis 

0.1  mM 

4  mis  0.4mM 

12  mis 

O.OSmM 

8  mis  0.4mM 

8  mis 

0.04mM 

1  ml  0.4mM 

9  mis 

0.02mM 

1  ml  0.4mM 

19  mis 

5.  Prepare  two  96-well  microtiter  plates,  as  illustrated  in  Figure  4,  for  transmission 
analysis  in  accordance  with  the  below  tables.  This  allows  us  to  verify  that  the 
penicillinase/penicillin  G/starch-iodido  reaction  is  transpiring  as  expected.  Use  620nm 
again  as  that  is  sufficiently  far  away  from  the  excitation  wavelength  of  FITC. 

Notes  for  all  tables  of  microtiter  plates: 

PB:  OJM  pH=S.O  phoaphacc  buffer 
PG:  PenSciUla-G 

PG-1;  0.4mM  standard  solution  of  Penicillin-C 
PG-2:  OJmM  standard  solution  ufPen’cillin-tt 
PG-3t  O.tn'.M  standard  solution  of  Penicillin-G 
PG-I:  O.OSmM  standard  solution  of  I’eniciltin-G 
PG-S;  0.04mM  standard  solution  of  Peniciilin-G 
PG-^  0.02mM  standard  solution  of  Penici!lin-G 
St/I:  starch/iodine  solution  (Uuc-black  reagent) 

Past:  penicillinase  standard  (1.2  mK/m]) 

Past-1;  penicillinase  sample  I 
Pasc-2;  penicillinase  sample  2 
Pasc-3;  penicillinase  sample  3 
Pase-4;  penicillinase  sample  4 
Pasc-5:  penicillinase  sample  3 

Y:  solution  included  in  standard  amoiini  (sec  notes  for  each  table)  solution  absent 


Each  wcS  in  the  micrutitcr  plate  will  have  190^1]: 

If  Pate  is  to  be  added,  then  add  40  |d  of  PB  and  10  ill  of  appropriate  Pase 
If  1  aolutioa  in  addition  to  Pase  appears,  add  140  pd  cf  it 
If  2  solutioos  in  addition  to  Pase  appear,  add  70  ill  of  esen. 

If  two  solutions  appear  (not  Pase),  then  add  95  id  of  each. 

If  one  solution  appears  (not  Pase),  dien  add  190  pi. 

Each  culutnn  in  the  table  refers  to  a  triplet  set  of  wells  in  the  9<>-rveil  microtiter  plate. 

Notes  for  Plate  1:  Preset  machine  PRIOR  to  addition  of  penicillinase 
Add  penicillinase  LAST 

Take  three  measurements,  a;  ijuickiy  as  machine  wili  let  you,  and  not:  the  time  intervals 
Annotate  the  output  paper  of  the  microtiter  reader  appropriately 

Plate  2:  Each  Penicillinase  sample  is  read  independently:  the  10  |ii  aliquots  an  added  to  the  two  rows  of 
the  microtiter  plate, and  read  by  theTitertek  machine. 
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Plate  3;  Can  be  the  bottom  of  Plate  1  after  it  has  been  read. 
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Preparation  of  Cholera  Toxin  B  (or  CTPj)  tapered  fibre  loop 

1.  Add  Cholera  Toxin  b  antigen  lOOmg  in  1  ml  in  0.  IM  sodium  phosphate  buffer  at  pH 
7.2  to  aldehyde  loop  for  one  hour,  at  room  temperature. 

2.  Rinse  loop  with  buffer. 

3.  Add  excess  glycine  and  0.  IM  sodium  phosphate  buffer  at  pH=8.0  for  one  hour  at  room 
temperature 

4.  Rinse  loop  with  nanopure  water  . 

5.  Add  cyanoborohydride.  50  mg/ml,  in  O.iM  sodium  phosphate  buffer  at  pH=8.0  for  one 
hour  at  room  temperature 

b.Rinse  loon  in  nanopure  water. 

7.  Add  sample:  pre  or  post,  of  serum  fluid  at  appropriate  titer;  the  diluter  is  O.IM  sodium 
phosphate  buffer  at  pH  7.2;  titers  are  (v/v).  Start  wiuh  pre  fluids  (sera)  the  lowest  titer  is 
the  Orst  one  to  be  sampled.  The  sample  must  be  Incubated  at  20  minutes  exactly. 

8.  Prepare  human  pre  and  post  cholera  infection  sera  in  1:50,  100, 200,  400,  800,  1600, 
3200, 6400,  12800,  25600  titers: 

1:50  -40  ml  sera,  19600  mi  of  O.IM  sodium  phosphate  buffer  at  pH  7.2  (this  is  2  ml  of  fluid) 

1: 100  -  take  1  ml  of  1:50  titer,  add  1  ml  of  0.  IM  sodium  phosphate  buffer  at  pH  7.2 
1:200  -  take  I  ml  of  1;  100  titer,  .aitd  add  1  ml  of  0.  i  .M  sodiiim  phosphate  bufier  at  pH  7  2 
!:400-  take  1  m!  of  1:200  titer,  and  add  1  ml  of  O.IM  sodiutit  phosphate  buffer  at  pH  7.2 
1:800  -  lake  1  ml  of  l:‘i00  liter,  and  .add  I  ml  of  0. 1 M  .sodiu-m  phosphate  buffer  at  pH  7.2 
i;  1600-  take  1  ml  of  1:800  titer,  and  add  1  ml  of  O.IM  sodium  phosphate  buffer  at  pH  7.2 
1:3200  -  lake  1  ml  of  1:1600  tiler,  and  .add  I  m!  of  O.IM  sodium  phosp.baie  buffer  at  pH  7.2 
1:6400  -  take  1  m!  of  1:3200  liter,  a.nd  add  I  ml  of  O.iM  sodium  phosphate  buffer  at  pH  7.2 
1:12800  -  take  1  m!  of  1:6400  titer,  add  !  ml  of  O.IM  sodium  phosphate  buffer  at  pH  7.2 
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1:25600  -  take  1  mi  of  1:12800  titer.atld  I  ml  ofO.lMsodium  phosphate  buffer  at  pH  7.2 
S.Rinse  loop  tvith  O.IM  sodium  phosphate  at  pH=8.0  buffer 

9. Add  anti-IgA  with  Rhodamine  isothiocyanate  label  (0.5  ml);  anti-  IgG  with  FITC  label 
(0.5  ml).  Incubate  for  2C  minutes  exactly. 

10.  When  not  in  use,  all  solutions  must  be  at  4°  C.  Samples  of  serum  (in  liquid  state)  will 
only  last  for  a  few  days. 
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Radiosurface  assay:  iodinadon  of  pepddes  silanised  to  fibres 

1.  Dissolve  Arg-Lys-Asp-Val-Tyr  Acetate  salt  in  nanopure  water  at  room  temperature. 

2.  Use  amino-silane  to  prepare  fibre;  expose  each  fibre  (10  trial  fibres)  to  peptide; 
incubate  for  1  hour  at  room  temperature. 

3.  Rinse  exhaustively  with  nanopure  water. 

4.  Place  in  empty  reaction  vial. 

5.  Prepare  10  unsilanised  (no  peptide)  fibres  in  reactive  vials. 

6.  In  the  radioactive  materials  room  (basement.  Institute  of  Biotechnology),  prepare 
lodo-beads  (Pierce  28665):  wash  with  0.05M  disodium  hydrogen  phosphate  buffer  at  pH 
7.4  (2  beads). 

7.  Add  2  beads  to  lOjil  '^I  solution  (IMS  30,  Amersham)  in  reaction  vial.  Let  stand 
5minu'es  at  room  temperature. 

8.  Use  100  pi  of  '"^I  solution  for  each  reaction  vial  with  fibre;  let  reaction  proceed  for  15 
minutes. 

9.  Put  all  the  tubes:  buffer  (no  radioactive  material),  fibres  with  peptide  (and  radioactive 
material),  fibre-s  with  no  peptide  (e.xposed  to  radioactive  material)  in  Iso-Data  tray  for  ICN 
gamma  counter. 


10.  Repeat  counts  three  times;  take  average;  correlate  counts  to  other  araction  vials  with 
known  concentrations  of  solution. 
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